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Preface 


Quantum field theory is a set of ideas and tools that combines three of the 
major themes of modern physics: the quantum theory, the field concept, and 
the principle of relativity. Today, most working physicists need to know some 
quantum field theory, and many others are curious about it. The theory un- 
derlies modern elementary particle physics, and supplies essential tools to 
nuclear physics, atomic physics, condensed matter physics, and astrophysics. 
In addition, quantum field theory has led to new bridges between physics and 
mathematics. 

One might think that a subject of such power and widespread application 
would be complex and difficult. In fact, the central concepts and techniques 
of quantum field theory are quite simple and intuitive. This is especially true 
of the many pictorial tools (Feynman diagrams, renormalization group flows, 
and spaces of symmetry transformations) that are routinely used by quantum 
field theorists. Admittedly, these tools take time to learn, and tying the subject 
together with rigorous proofs can become extremely technical. Nevertheless, 
we feel that the basic concepts and tools of quantum field theory can be made 
accessible to all physicists, not just an elite group of experts. 

A number of earlier books have succeeded in making parts of this subject 
accessible to students. The best known of these is the two-volume text written 
in the 1960s by our Stanford colleagues Bjorken and Drell. In our opinion, their 
text contains an ideal mixture of abstract formalism, intuitive explanations, 
and practical calculations, all presented with great care and clarity. Since the 
1960s, however, the subject of quantum field theory has developed enormously, 
both in its conceptual framework (the renormalization group, new types of 
symmetries) and in its areas of application (critical exponents in condensed 
matter systems, the standard model of elementary particle physics). It is long 
overdue that a textbook of quantum field theory should appear that provides 
a complete survey of the subject, including these newer developments, yet still 
offers the same accessibility and depth of treatment as Bjorken and Drell. We 
have written this book with that goal in mind. 
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An Outline of the Book 


This textbook is composed of three major sections. The first is mainly con- 
cerned with the quantum theory of electromagnetism, which provided the first 
example of a quantum field theory with direct experimental applications. The 
third part of the book is mainly concerned with the particular quantum field 
theories that appear in the standard model of particle interactions. The sec- 
ond part of the book is a bridge between these two subjects; it is intended to 
introduce some of the very deep concepts of quantum field theory in a context 
that is as straightforward as possible. 

Part I begins with the study of fields with linear equations of motion, that 
is, fields without interactions. Here we explore the combined implications of 
quantum mechanics and special relativity, and we learn how particles arise 
as the quantized excitations of fields. We then introduce interactions among 
these particles and develop a systematic method of accounting for their effects. 
After this introduction, we carry out explicit computations in the quantum 
theory of electromagnetism. These illustrate both the special features of the 
behavior of electrons and photons and some general aspects of the behavior 
of interacting quantum fields. 

In several of the calculations in Part I, naive methods lead to infinite re- 
sults. The appearance of infinities is a well-known feature of quantum field the- 
ory. At times, it has been offered as evidence for the inconsistency of quantum 
field theory (though a similar argument could be made against the classical 
electrodynamics of point particles). For a long time, it was thought sufficient 
to organize calculations in such a way that no infinities appear in quantities 
that can be compared directly to experiment. However, one of the major in- 
sights of the more recent developments is that these formal infinities actually 
contain important information that can be used to predict the qualitative be- 
havior of a system. In Part II of the book, we develop this theory of infinities 
systematically. The development makes use of an analogy between quantum- 
mechanical and thermal fluctuations, which thus becomes a bridge between 
quantum field theory and statistical mechanics. At the end of Part II we dis- 
cuss applications of quantum field theory to the theory of phase transitions 
in condensed matter systems. 

Part III deals with the generalizations of quantum electrodynamics that 
have led to successful models of the forces between elementary particles. To 
derive these generalizations, we first analyze and generalize the fundamental 
symmetry of electrodynamics, then work out the consequences of quantizing 
a theory with this generalized symmetry. This analysis leads to intricate and 
quite nontrivial applications of the concepts introduced earlier. We conclude 
Part III with a presentation of the standard model of particle physics and a 
discussion of some of its experimental tests. 

The Epilogue to the book discusses qualitatively the frontier areas of 
research in quantum field theory and gives references that can guide a student 
to the next level of study. 
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Where a choice of viewpoints is possible, we have generally chosen to ex- 
plain ideas in language appropriate to the applications to elementary particle 
physics. This choice reflects our background and research interests. It also 
reflects our strongly held opinion, even in this age of intellectual relativism, 
that there is something special about unraveling the behavior of Nature at the 
deepest possible level. We are proud to take as our subject the structure of the 
fundamental interactions, and we hope to convey to the reader the grandeur 
and continuing vitality of this pursuit. 


How to Use This Book 


This book is an introduction to quantum field theory. By this we mean, first 
and foremost, that we assume no prior knowledge of the subject on the part 
of the reader. The level of this book should be appropriate for students tak- 
ing their first course in quantum field theory, typically during the second 
year of graduate school at universities in the United States. We assume that 
the student has completed graduate-level courses in classical mechanics, clas- 
sical electrodynamics, and quantum mechanics. In Part II we also assume 
some knowledge of statistical mechanics. It is not necessary to have mastered 
every topic covered in these courses, however. Crucially important prerequi- 
sites include the Lagrangian and Hamiltonian formulations of dynamics, the 
relativistic formulation of electromagnetism using tensor notation, the quan- 
tization of the harmonic oscillator using ladder operators, and the theory of 
scattering in nonrelativistic quantum mechanics. Mathematical prerequisites 
include an understanding of the rotation group as applied to the quantum 
mechanics of spin, and some facility with contour integration in the complex 
plane. 

Despite being an “introduction”, this book is rather lengthy. To some 
extent, this is due to the large number of explicit calculations and worked 
examples in the text. We must admit, however, that the total number of 
topics covered is also quite large. Even students specializing in elementary 
particle theory will find that their first research projects require only a part 
of this material, together with additional, specialized topics that must be 
gleaned from the research literature. Still, we feel that students who want 
to become experts in elementary particle theory, and to fully understand its 
unified view of the fundamental interactions, should master every topic in this 
book. Students whose main interest is in other fields of physics, or in particle 
experimentation, may opt for a much shorter “introduction”, omitting several 
chapters. 

The senior author of this book once did succeed in “covering” 90% of 
its content in a one-year lecture course at Stanford University. But this was 
a mistake; at such a pace, there is not enough time for students of average 
preparation to absorb the material. Our saner colleagues have found it more 
reasonable to cover about one Part of the book per semester. Thus, in planning 
a one-year course in quantum field theory, they have chosen either to reserve 
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Part III for study at a more advanced level or to select about half of the 
material from Parts II and III, leaving the rest for students to read on their 
own. 

We have designed the book so that it can be followed from cover to cover, 
introducing all of the major ideas in the field systematically. Alternatively, 
one can follow an accelerated track that emphasizes the less formal applica- 
tions to elementary particle physics and is sufficient to prepare students for 
experimental or phenomenological research in that field. Sections that can be 
omitted from this accelerated track are marked with an asterisk in the Table 
of Contents; none of the unmarked sections depend on this more advanced 
material. Among the unmarked sections, the order could also be varied some- 
what: Chapter 10 does not depend on Chapters 8 and 9; Section 11.1 is not 
needed until just before Chapter 20; and Chapters 20 and 21 are independent 
of Chapter 17. 

Those who wish to study some, but not all, of the more advanced sections 
should note the following table of dependencies: 


Before reading .. . one should read all of... 
Chapter 13 Chapters 11, 12 
Section 16.6 Chapter 11 
Chapter 18 Sections 12.4, 12.5, 16.5 
Chapter 19 Sections 9.6, 15.3 
Section 19.5 Section 16.6 
Section 20.3 Sections 19.1-19.4 
Section 21.3 Chapter 11 


Within each chapter, the sections marked with an asterisk should be read 
sequentially, except that Sections 16.5 and 16.6 do not depend on 16.4. 

A student whose main interest is in statistical mechanics would want 
to read the book sequentially, confronting the deep formal issues of Part II 
but ignoring most of Part III, which is mainly of significance to high-energy 
phenomena. (However, the material in Chapters 15 and 19, and in Section 
20.1, does have beautiful applications in condensed matter physics.) 

We emphasize to all students the importance of working actively with the 
material while studying. It probably is not possible to understand any section 
of this book without carefully working out the intermediate steps of every 
derivation. In addition, the problems at the end of each chapter illustrate the 
general ideas and often apply them in nontrivial, realistic contexts. However, 
the most illustrative exercises in quantum field theory are too long for ordinary 
homework problems, being closer to the scale of small research projects. We 
have provided one of these lengthy problems, broken up into segments with 
hints and guidance, at the end of each of the three Parts of the book. The 
volume of time and paper that these problems require will be well invested. 

At the beginning of each Part we have included a brief “Invitation” chap- 
ter, which previews some of the upcoming ideas and applications. Since these 
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chapters are somewhat easier than the rest of the book, we urge all students 
to read them. 


What This Book is Not 


Although we hope that this book will provide a thorough grounding in quan- 
tum field theory, it is in no sense a complete education. A dedicated student of 
physics will want to supplement our treatment in many areas. We summarize 
the most important of these here. 

First of all, this is a book about theoretical methods, not a review of 
observed phenomena. We do not review the crucial experiments that led to 
the standard model of elementary particle physics or discuss in detail the 
more recent experiments that have confirmed its predictions. Similarly, in 
the chapters that deal with applications to statistical mechanics, we do not 
discuss the beautiful and varied experiments on phase transitions that led to 
the confirmation of field theory models. We strongly encourage the student 
to read, in parallel with this text, a modern presentation of the experimental 
development of each of these fields. 

Although we present the elementary aspects of quantum field theory in 
full detail, we state some of the more advanced results without proof. For 
example, it is known rigorously, to all orders in the standard expansion of 
quantum electrodynamics, that formal infinities can be removed from all ex- 
perimental predictions. This result, known as renormalizability, has important 
consequences, which we explore in Part II. We do not present the general proof 
of renormalizability. However, we do demonstrate renormalizability explicitly 
in illustrative, low-order computations, we discuss intuitively the issues that 
arise in the complete proof, and we give references to a more complete demon- 
stration. More generally, we have tried to motivate the most important results 
(usually through explicit examples) while omitting lengthy, purely technical 
derivations. 

Any introductory survey must classify some topics as beyond its scope. 
Our philosophy has been to include what can be learned about quantum 
field theory by considering weakly interacting particles and fields, using series 
expansions in the strength of the interaction. It is amazing how much insight 
one can obtain in this way. However, this definition of our subject leaves out 
the theory of bound states, and also phenomena associated with nontrivial 
solutions to nonlinear field equations. We give a more complete listing of such 
advanced topics in the Epilogue. 

Finally, we have not attempted in this book to give an accurate record of 
the history of quantum field theory. Students of physics do need to understand 
the history of physics, for a number of reasons. The most important is to 
acquire a precise understanding of the experimental basis of the subject. A 
second important reason is to gain an idea of how science progresses as a 
human endeavor, how ideas develop as small steps taken by individuals to 


xvi Preface 


become the major achievements of the community as a whole.* 

In this book we have not addressed either of these needs. Rather, we have 
included only the kind of mythological history whose purpose is to motivate 
new ideas and assign names to them. A principle of physics usually has a 
name that has been assigned according to the community’s consensus on who 
deserves credit for its development. Usually the real credit is only partial, and 
the true historical development is quite complex. But the clear assignment of 
names is essential if physicists are to communicate with one another. 

Here is one example. In Section 17.5 we discuss a set of equations govern- 
ing the structure of the proton, which are generally known as the Altarelli- 
Parisi equations. Our derivation uses a method due to Gribov and Lipatov 
(GL). The original results of GL were rederived in a more abstract language 
by Christ, Hasslacher, and Mueller (CHM). After the discovery of the cor- 
rect fundamental theory of the strong interactions (QCD), Georgi, Politzer, 
Gross, and Wilczek (GPGW) used the technique of CHM to derive formal 
equations for the variation of the proton structure. Parisi gave the first of a 
number of independent derivations that converted these equations into a use- 
ful form. The combination of his work with that of GPGW gives the derivation 
of the equations that we present in Section 18.5. Dokhshitzer later obtained 
these equations more simply by direct application of the method of GL. Some- 
time later, but independently, Altarelli and Parisi obtained these equations 
again by the same route. These last authors also popularized the technique, 
explaining it very clearly, encouraging experimentalists to use the equations 
in interpreting their data, and prodding theorists to compute the systematic 
higher-order corrections to this picture. In Section 17.5 we have presented the 
shortest path to the end of this convoluted historical road and hung the name 
‘Altarelli-Parisi’ on the final result. 

There is a fourth reason for students to read the history of physics: Often 
the original breakthrough papers, though lacking a textbook’s advantages of 
hindsight, are filled with marvelous personal insights. We strongly encourage 
students to go back to the original literature whenever possible and see what 
the creators of the field had in mind. We have tried to aid such students 
with references provided in footnotes. Though occasionally we refer to papers 
merely to give credit, most of the references are included because we feel the 
reader should not miss the special points of view that the authors put forward. 


*The history of the development of quantum field theory and particle physics has 
recently been reviewed and debated in a series of conference volumes: The Birth of 
Particle Physics, L. M. Brown and L. Hoddeson, eds. (Cambridge University Press, 
1983); Pions to Quarks, L. M. Brown, M. Dresden, and L. Hoddeson, eds. (Cambridge 
University Press, 1989); and The Rise of the Standard Model, L. M. Brown, M. Dres- 
den, L. Hoddeson, and M. Riordan, eds. (Cambridge University Press, 1995). The early 
history of quantum electrodynamics is recounted in a fascinating book by Schweber 
(1994). 
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Notations and Conventions 


Units 
We will work in “God-given” units, where 
h=c=l. 
In this system, 
1 


[length] = [time] = fenergy]~' = [mass]~’. 


The mass (m) of a particle is therefore equal to its rest energy (me), and 
also to its inverse Compton wavelength (mc/h). For example, 


Metectron = 9.109 x 10728 g = 0.511 MeV = (3.862 x 107! cm)". 


A selection of other useful numbers and conversion factors is given in the 
Appendix. 
Relativity and Tensors 


Our conventions for relativity follow Jackson (1975), Bjorken and Drell (1964, 
1965), and nearly all recent field theory texts. We use the metric tensor 


0 
Juv = g” = 0 
0 


with Greek indices running over 0, 1, 2, 3 or t, z, y, z. Roman indices—i, j, 
etc.—denote only the three spatial components. Repeated indices are summed 
in all cases. Four-vectors, like ordinary numbers, are denoted by light italic 
type; three-vectors are denoted by boldface type. For example, 


gh = (x°, x), Eu = Juve" = (2°, —x); 
prr= Suv pha” = px? —p-x. 


A massive particle has 


pP = p"p, = E? — |p? =m’. 
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XX Notations and Conventions 


Note that the displacement vector x is “naturally raised” , while the derivative 


operator, 

_ 9 729 v 

= ga = (a Y) 
is “naturally lowered”. 
We define the totally antisymmetric tensor €#”?" so that 
0123 — 41. 

Be careful, since this implies €9123 = —1 and €!?30 = —1. (This convention 
agrees with Jackson but not with Bjorken and Drell.) 


Quantum Mechanics 


We will often work with the Schrödinger wavefunctions of single quantum- 
mechanical particles. We represent the energy and momentum operators act- 
ing on such wavefunctions following the usual conventions: 


_ oO , 
E = 1570" p= iV. 
These equations can be combined into 
ph = ið"; 


raising the index on ô” conveniently accounts for the minus sign. The plane 
wave e~** = has momentum k”, since 


18" (en) = kh eth, 
The notation ‘h.c.’ denotes the Hermitian conjugate. 


Discussions of spin in quantum mechanics make use of the Pauli sigma 
matrices: 


1_f0 1) 29 (0 -i 3_ [1 0 
a= (1 4): =u op A5 aj 
Products of these matrices satisfy the identity 


otot = 69 4 itita, 


It is convenient to define the linear combinations ot = $(o1 + io”); then 
0 1 0 0 
+ — 
rolo o) aG o) 


Fourier Transforms and Distributions 


We will often make use of the Heaviside step function @(x) and the Dirac delta 
function 6(x), defined as follows: 


0 «<0, d 
A(x) = fi 2 >0: 6(a) = geo 
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The delta function in n dimensions, denoted 6‘”) (x), is zero everywhere except 
at x = 0 and satisfies 
ee 6M (x) = 1. 


In Fourier transforms the factors of 27 will always appear with the mo- 
mentum integral. For example, in four dimensions, 


4 ~ 
fe) = fare TA 


f(k) = jes eE? f(x). 


(In three-dimensional transforms the signs in the exponents will be + and —, 
respectively.) The tilde on f(k) will sometimes be omitted when there is no 
potential for confusion. The other important factors of 27 to remember appear 


in the identity 


f dtg e™? = (27)t6® (k). 


Electrodynamics 


We use the Heaviside-Lorentz conventions, in which the factors of 47 appear 
in Coulomb’s law and the fine-structure constant rather than in Maxwell’s 
equations. Thus the Coulomb potential of a point charge Q is 


_ a 
Agr’ 
and the fine-structure constant is 
e? e? 1 


O= ia anhe  I37 


The symbol e stands for the charge of the electron, a negative quantity (al- 
though the sign rarely matters). We generally work with the relativistic form 
of Maxwell’s equations: 

P78, Fog = 0, d F” = ej”, 
where 


A" = (è, A), Puy = Op Av = OVAn, 


and we have extracted the e from the 4-vector current density j”. 


Dirac Equation 


Some of our conventions differ from those of Bjorken and Drell (1964, 1965) 
and other texts: We use a chiral basis for Dirac matrices, and relativistic 
normalization for Dirac spinors. These conventions are introduced in Sections 
3.2 and 3.3, and are summarized in the Appendix. 


Editor’s Foreword 


The problem of communicating in a coherent fashion recent developments in the 
most exciting and active fields of physics continues to be with us. The enormous 
growth in the number of physicists has tended to make the familiar channels of 
communication considerably less effective. It has become increasingly difficult for 
experts in a given field to keep up with the current literature; the novice can only 
be confused. What is needed is both a consistent account of a field and the pre- 
sentation of a definite “point of view” concerning it. Formal monographs cannot 
meet such a need in a rapidly developing field, while the review article seems to 
have fallen into disfavor. Indeed, it would seem that the people most actively 
engaged in developing a given field are the people least likely to write at length 
about it. 

Frontiers in Physics was conceived in 1961 in an effort to improve the sit- 
uation in several ways. Leading physicists frequently give a series of lectures, a 
graduate seminar, or a graduate course in their special fields of interest. Such lec- 
tures serve to summarize the present status of a rapidly developing field and may 
well constitute the only coherent account available at the time. Often, notes on 
lectures exist (prepared by the lecturer, by graduate students, or by postdoctoral , 
fellows) and are distributed in photocopied form on a limited basis. One of the 
principal purposes of the Frontiers in Physics series is to make such notes avail- 
able to a wider audience of physicists. 

As Frontiers in Physics has evolved, a second category of book, the infor- 
mal text/monograph, an intermediate step between lecture notes and formal texts 
or monographs, has played an increasingly important role in the series. In an infor- 
mal text or monograph an author has reworked his/her lecture notes to the point 
at which the manuscript represents a coherent summation of a newly developed 
field, complete with references and problems, suitable for either classroom teach- 
ing or individual study. 

During the past two decades significant advances have been made in both 
the conceptual framework of quantum field theory and its application to con~ 
densed matter physics and elementary particle physics. Given the fact that the 
study of quantum field theory has become an essential part of the education of 
graduate students in physics, a textbook which makes these recent developments 
accessible to the novice, while not neglecting the basic concepts, is highly desir- 
able. Michael Peskin and Daniel Schroeder have written just such a book, describ- 
ing in lucid fashion quantum electrodynamics, renormalization, and non-Abelian 
gauge theories while offering the reader a taste of what is to come. It is therefore 
quite appropriate to include this very polished text/monograph in the Frontiers 
in Physics series, and it gives me pleasure to welcome them to the ranks of its 
authors. 


Aspen, Colorado David Pines 
August 1995 
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Part I 


Feynman Diagrams 
and 
Quantum Electrodynamics 


Chapter 1 


Invitation: Pair Production 
in ete Annihilation 


The main purpose of Part I of this book is to develop the basic calculational 
method of quantum field theory, the formalism of Feynman diagrams. We will 
then apply this formalism to computations in Quantum Electrodynamics, the 
quantum theory of electrons and photons. 

Quantum Electrodynamics (QED) is perhaps the best fundamental phys- 
ical theory we have. The theory is formulated as a set of simple equations 
(Maxwell’s equations and the Dirac equation) whose form is essentially deter- 
mined by relativistic invariance. The quantum-mechanical solutions of these 
equations give detailed predictions of electromagnetic phenomena from macro- 
scopic distances down to regions several hundred times smaller than the pro- 
ton. 

Feynman diagrams provide for this elegant theory an equally elegant pro- 
cedure for calculation: Imagine a process that can be carried out by electrons 
and photons, draw a diagram, and then use the diagram to write the mathe- 
matical form of the quantum-mechanical amplitude for that process to occur. 

In this first part of the book we will develop both the theory of QED 
and the method of Feynman diagrams from the basic principles of quantum 
mechanics and relativity. Eventually, we will arrive at a point where we can 
calculate observable quantities that are of great interest in the study of ele- 
mentary particles. But to reach our goal of deriving this simple calculational 
method, we must first, unfortunately, make a serious detour into formalism. 
The three chapters that follow this one are almost completely formal, and 
the reader might wonder, in the course of this development, where we are go- 
ing. We would like to partially answer that question in advance by discussing 
the physics of an especially simple QED process—one sufficiently simple that 
many of its features follow directly from physical intuition. Of course, this 
intuitive, bottom-up approach will contain many gaps. In Chapter 5 we will 
return to this process with the full power of the Feynman diagram formalism. 
Working from the top down, we will then see all of these difficulties swept 
away. 
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Figure 1.1. The annihilation reaction ete~ — ptu, shown in the center- 
of-mass frame. 


The Simplest Situation 


Since most particle physics experiments involve scattering, the most com- 
monly calculated quantities in quantum field theory are scattering cross sec- 
tions. We will now calculate the cross section for the simplest of all QED 
processes: the annihilation of an electron with its antiparticle, a positron, to 
form a pair of heavier leptons (such as muons). The existence of antiparticles 
is actually a prediction of quantum field theory, as we will discuss in Chapters 
2 and 3. For the moment, though, we take their existence as given. 

An experiment to measure this annihilation probability would proceed by 
firing a beam of electrons at a beam of positrons. The measurable quantity is 
the cross section for the reaction ete~ — utu” as a function of the center-of- 
mass energy and the relative angle 0 between the incoming electrons and the 
outgoing muons. The process is illustrated in Fig. 1.1. For simplicity, we work 
in the center-of-mass (CM) frame where the momenta satisfy p' = —p and 
k = —k. We also assume that the beam energy E is much greater than either 
the electron or the muon mass, so that |p| = |p’| = |k| = |k’| = E = Eon/2. 
(We use boldface type to denote 3-vectors and ordinary italic type to denote 
4-vectors.) 

Since both the electron and the muon have spin 1/2, we must specify their 
spin orientations. It is useful to take the axis that defines the spin quantization 
of each particle to be in the direction of its motion; each particle can then 
have its spin polarized parallel or antiparallel to this axis. In practice, electron 
and positron beams are often unpolarized, and muon detectors are normally 
blind to the muon polarization. Hence we should average the cross section 
over electron and positron spin orientations, and sum the cross section over 
muon spin orientations. 

For any given set of spin orientations, it is conventional to write the 
differential cross section for our process, with the ~ produced into a solid 
angle dQ, as 


da 1 2 
dQ unm, Ml (1.1) 
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The factor E;? provides the correct dimensions for a cross section, since in 
our units (energy)~? ~ (length)?. The quantity M is therefore dimensionless; 
it is the quantum-mechanical amplitude for the process to occur (analogous 
to the scattering amplitude f in nonrelativistic quantum mechanics), and 
we must now address the question of how to compute it from fundamental 
theory. The other factors in the expression are purely a matter of convention. 
Equation (1.1) is actually a special case, valid for CM scattering when the 
final state contains two massless particles, of a more general formula (whose 
form cannot be deduced from dimensional analysis) which we will derive in 
Section 4.5. 

Now comes some bad news and some good news. 

The bad news is that even for this simplest of QED processes, the exact 
expression for M is not known. Actually this fact should come as no sur- 
prise, since even in nonrelativistic quantum mechanics, scattering problems 
can rarely be solved exactly. The best we can do is obtain a formal expres- 
sion for M as a perturbation series in the strength of the electromagnetic 
interaction, and evaluate the first few terms in this series. 

The good news is that Feynman has invented a beautiful way to orga- 
nize and visualize the perturbation series: the method of Feynman diagrams. 
Roughly speaking, the diagrams display the flow of electrons and photons dur- 
ing the scattering process. For our particular calculation, the lowest-order term 
in the perturbation series can be represented by a single diagram, shown in 
Fig. 1.2. The diagram is made up of three types of components: external lines 
(representing the four incoming and outgoing particles), internal lines (repre- 
senting “virtual” particles, in this case one virtual photon), and vertices. It is 
conventional to use straight lines for fermions and wavy lines for photons. The 
arrows on the straight lines denote the direction of negative charge flow, not 
momentum. We assign a 4-momentum vector to each external line, as shown. 
In this diagram, the momentum q of the one internal line is determined by 
momentum conservation at either of the vertices: q = p + p' = k +k’. We 
must also associate a spin state (either “up” or “down”) with each external 
fermion. 

According to the Feynman rules, each diagram can be translated directly 
into a contribution to M. The rules assign a short algebraic factor to each el- 
ement of a diagram, and the product of these factors gives the value of the 
corresponding term in the perturbation series. Getting the resulting expres- 
sion for M into a form that is usable, however, can still be nontrivial. We 
will develop much useful technology for doing such calculations in subsequent 
chapters. But we do not have that technology yet, so to get an answer to our 
particular problem we will use some heuristic arguments instead of the actual 
Feynman rules. 

Recall that in quantum-mechanical perturbation theory, a transition am- 
plitude can be computed, to first order, as an expression of the form 


(final state| Hy initial state) , (1.2) 
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f q= ptp! = k+k' 


e et 
Figure 1.2. Feynman diagram for the lowest-order term in the ete — 
utu cross section. At this order the only possible intermediate state is a 
photon (7). 


where Hy; is the “interaction” part of the Hamiltonian. In our case the initial 
state is |ete~) and the final state is (utu. But our interaction Hamiltonian 
couples electrons to muons only through the electromagnetic field (that is, 
photons), not directly. So the first-order result (1.2) vanishes, and we must go 
to the second-order expression 


M~ (u*u | Hr ly)" (a| Hrlete-), . (1.3) 


This is a heuristic way of writing the contribution to M from the diagram in 
Fig. 1.2. The external electron lines correspond to the factor |ete~); the ex- 
ternal muon lines correspond to (utu |. The vertices correspond to Hz, and 
the internal photon line corresponds to the operator |y) (y|. We have added 
vector indices (u) because the photon is a vector particle with four compo- 
nents. There are four possible intermediate states, one for each component, 
and according to the rules of perturbation theory we must sum over interme- 
diate states. Note that since the sum in (1.3) takes the form of a 4-vector dot 
product, the amplitude M will be a Lorentz-invariant scalar as long as each 
half of (1.3) is a 4-vector. 

Let us try to guess the form of the vector (y| Hr lete}. Since Hr cou- 
ples electrons to photons with a strength e (the electron charge), the matrix 
element should be proportional to e. Now consider one particular set of initial 
and final spin orientations, shown in Fig. 1.3. The electron and muon have 
spins parallel to their directions of motion; they are “right-handed”. The an- 
tiparticles, similarly, are “left-handed”. The electron and positron spins add 
up to one unit of angular momentum in the +z direction. Since H; should 
conserve angular momentum, the photon to which these particles couple must 
have the correct polarization vector to give it this same angular momentum: 
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un 


Figure 1.3. One possible set of spin orientations. The electron and the neg- 
ative muon are right-handed, while the positron and the positive muon are 
left-handed. 


e” = (0,1,4,0). Thus we have 
(y| Hr lete~)" x e (0,1,4,0). (1.4) 


The muon matrix element should, similarly, have a polarization corre- 
sponding to one unit of angular momentum along the direction of the u7 
momentum k. To obtain the correct vector, rotate (1.4) through an angle 0 
in the xz-plane: 


(q| Hr |ut uT)" œ e (0, cos 6, i, —sin 6). (1.5) 


To compute the amplitude M, we complex-conjugate this vector and dot it 
into (1.4). Thus we find, for this set of spin orientations, 


M(RL > RL) = —e? (1 + cos@) . (1.6) 


Of course we cannot determine the overall factor by this method, but in (1.6) 
it happens to be correct, thanks to the conventions adopted in (1.1). Note 
that the amplitude vanishes for 9 = 180°, just as one would expect: A state 
whose angular momentum is in the +z direction has no overlap with a state 
whose angular momentum is in the —z direction. 

Next consider the case in which the electron and positron are both right- 
handed. Now their total spin angular momentum is zero, and the argument is 
more subtle. We might expect to obtain a longitudinally polarized photon with 
a Clebsch-Gordan coefficient of 1/ V2, just as when we add angular momenta 
in three dimensions, |t|) = (1/V2)(|j = 1,m = 0) + |j =0,m= 0)). But we 
are really adding angular momenta in the four-dimensional Lorentz group, 
so we must take into account not only spin (the transformation properties of 
states under rotations), but also the transformation properties of states under 
boosts. It turns out, as we shall discuss in Chapter 3, that the Clebsch-Gordan 
coefficient that couples a 4-vector to the state Jerek) of massless fermions is 
zero. (For the record, the state is a superposition of scalar and antisymmetric 
tensor pieces.) Thus the amplitude M(RR — RL) is zero, as are the eleven 
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other amplitudes in which either the initial or final state has zero total angular 
momentum. 

The remaining nonzero amplitudes can be found in the same way that we 
found the first one. They are 


M(RL > LR) = —e? (1 — cos8), 
M(LR > RL) = -e (1 — cos8), (1.7) 
M(LR — LR) = —e? (1+ cos @). 


Inserting these expressions into (1.1), averaging over the four initial-state spin 
orientations, and summing over the four final-state spin orientations, we find 


do 2 


_ 2 2 

7) = qa, (teos 8), (1.8) 
where a = e?/4r ~ 1/137. Integrating over the angular variables 0 and ¢ 
gives the total cross section, 


Ana? 


L, (1.9) 
3E?n 


Ototal = 
Results (1.8) and (1.9) agree with experiments to about 10%; almost all of 
the discrepancy is accounted for by the next term in the perturbation series, 
corresponding to the diagrams shown in Fig. 1.4. The qualitative features 
of these expressions—the angular dependence and the sharp decrease with 
energy—are obvious in the actual data. (The properties of these results are 
discussed in detail in Section 5.1.) 


Embellishments and Questions 


We obtained the angular distribution predicted by Quantum Electrodynamics 
for the reaction ete” — pty” by applying angular momentum arguments, 
with little appeal to the underlying formalism. However, we used the simpli- 
fying features of the high-energy limit and the center-of-mass frame in a very 
strong way. The analysis we have presented will break down when we relax 
any of our simplifying assumptions. So how does one perform general QED 
calculations? To answer that question we must return to the Feynman rules. 

As mentioned above, the Feynman rules tell us to draw the diagram(s) for 
the process we are considering, and to associate a short algebraic factor with 
each piece of each diagram. Figure 1.5 shows the diagram for our reaction, 
with the various assignments indicated. 

For the internal photon line we write —7g,,,/ gq’, where guv is the usual 
Minkowski metric tensor and q is the 4-momentum of the virtual photon. This 
factor corresponds to the operator |y} (y| in our heuristic expression (1.3). 

For each vertex we write —iey", corresponding to Hy in (1.3). The objects 
7 are a set of four 4 x 4 constant matrices. They do the “addition of angular 
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Figure 1.4. Feynman diagrams that contribute to the a? term in the 


ete” — utu cross section. 


Figure 1.5. Diagram of Fig. 1.2, with expressions corresponding to each 
vertex, internal line, and external line. 


momentum” for us, coupling a state of two spin-1/2 particles to a vector 
particle. 

The external lines carry expressions for four-component column-spinors 
u, v, or row-spinors ț, U. These are essentially the momentum-space wavefunc- 
tions of the initial and final particles, and correspond to |ete~) and (u*p | 
in (1.3). The indices s, s’, r, and r’ denote the spin state, either up or down. 
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Figure 1.6. The two lowest-order diagrams for Bhabha scattering, ete~ — 
+ ~ 
ete. 


(a 


Figure 1.7. The two lowest-order diagrams for Compton scattering. 


paradigm example is Compton scattering, for which the two lowest-order di- 
agrams are shown in Fig. 1.7. The Feynman rules for external photon lines 
and for internal electron lines are no more complicated than those we have 
already seen. We discuss Compton scattering in detail in Section 5.5. 

Finally we could compute higher-order terms in the perturbation series. 
Thanks to Feynman, the diagrams are at least easy to draw; we have seen 
those that contribute to the next term in the ete~ — utp cross section in 
Fig. 1.4. Remarkably, the algorithm that assigns algebraic factors to pieces 
of the diagrams holds for all higher-order contributions, and allows one to 
evaluate such diagrams in a straightforward, if tedious, way. The computation 
of the full set of nine diagrams is a serious chore, at the level of a research 
paper. 

In this book, starting in Chapter 6, we will analyze much of the physics 
that arises from higher-order Feynman diagrams such as those in Fig. 1.4. 
We will see that the last four of these diagrams, which involve an additional 
photon in the final state, are necessary because no detector is sensitive enough 
to notice the presence of extremely low-energy photons. Thus a final state 
containing such a photon cannot be distinguished from our desired final state 
of just a muon pair. 
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The other five diagrams in Fig. 1.4 involve intermediate states of several 
virtual particles rather than just a single virtual photon. In each of these di- 
agrams there will be one virtual particle whose momentum is not determined 
by conservation of momentum at the vertices. Since perturbation theory re- 
quires us to sum over all possible intermediate states, we must integrate over 
all possible values of this momentum. At this step, however, a new difficulty 
appears: The loop-momentum integrals in the first three diagrams, when per- 
formed naively, turn out to be infinite. We will provide a fix for this problem, 
so that we get finite results, by the end of Part I. But the question of the 
physical origin of these divergences cannot be dismissed so lightly; that will 
be the main subject of Part IT of this book. 

We have discussed Feynman diagrams as an algorithm for performing 
computations. The chapters that follow should amply illustrate the power of 
this tool. As we expose more applications of the diagrams, though, they be- 
gin to take on a life and significance of their own. They indicate unsuspected 
relations between different physical processes, and they suggest intuitive ar- 
guments that might later be verified by calculation. We hope that this book 
will enable you, the reader, to take up this tool and apply it in novel and 
enlightening ways. 


Chapter 2 


The Klein-Gordon Field 


2.1 The Necessity of the Field Viewpoint 


Quantum field theory is the application of quantum mechanics to dynamical 
systems of fields, in the same sense that the basic course in quantum mechanics 
is concerned mainly with the quantization of dynamical systems of particles. 
It is a subject that is absolutely essential for understanding the current state 
of elementary particle physics. With some modification, the methods we will 
discuss also play a crucial role in the most active areas of atomic, nuclear, 
and condensed-matter physics. In Part I of this book, however, our primary 
concern will be with elementary particles, and hence relativistic fields. 

Given that we wish to understand processes that occur at very small 
(quantum-mechanical) scales and very large (relativistic) energies, one might 
still ask why we must study the quantization of fields. Why can’t we just 
quantize relativistic particles the way we quantized nonrelativistic particles? 

This question can be answered on a number of levels. Perhaps the best 
approach is to write down a single-particle relativistic wave equation (such as 
the Klein-Gordon equation or the Dirac equation) and see that it gives rise to 
negative-energy states and other inconsistencies. Since this discussion usually 
takes place near the end of a graduate-level quantum mechanics course, we will 
not repeat it here. It is easy, however, to understand why such an approach 
cannot work. We have no right to assume that any relativistic process can be 
explained in terms of a single particle, since the Einstein relation E = me? 
allows for the creation of particle-antiparticle pairs. Even when there is not 
enough energy for pair creation, multiparticle states appear, for example, as 
intermediate states in second-order perturbation theory. We can think of such 
states as existing only for a very short time, according to the uncertainty 
principle AE. At = h. As we go to higher orders in perturbation theory, 
arbitrarily many such “virtual” particles can be created. 

The necessity of having a multiparticle theory also arises in a less obvious 
way, from considerations of causality. Consider the amplitude for a free particle 
to propagate from xo to x: 


U(t) = (x ew Ixo). 


13 
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In nonrelativistic quantum mechanics we have E = p? /2m, so 


U(t) = (x| e~*P*/2™* xo) 


d*p —i(p? /2m 
= [abe bale p) (pxo) 


1 tay? , 
— EAE [eve t(p*/2m)t . eP (x—xo) 
= (=) etm (xxo)? /2t. 

2rit 
This expression is nonzero for all x and t, indicating that a particle can prop- 
agate between any two points in an arbitrarily short time. In a relativistic 
theory, this conclusion would signal a violation of causality. One might hope 
that using the relativistic expression E = \/p? + m? would help, but it does 
not. In analogy with the nonrelativistic case, we have 


U(t) = (x| e7 V P? t™? xo) 


= gp | ere VF ereo 
T 


oO 
= oe for sin(p|x — xolje 7# VP tm, 
2n?|x — xo| 
0 

This integral can be evaluated explicitly in terms of Bessel functions.* We 
will content ourselves with looking at its asymptotic behavior for x? >> t? 
(well outside the light-cone), using the method of stationary phase. The phase 
function px—t./p? + m? has a stationary point at p = ima/V/z? — #2. We may 
freely push the contour upward so that it goes through this point. Plugging 
in this value for p, we find that, up to a rational function of x and t, 


U(t) vey 


Thus the propagation amplitude is small but nonzero outside the light-cone, 
and causality is still violated. 

Quantum field theory solves the causality problem in a miraculous way, 
which we will discuss in Section 2.4. We will find that, in the multiparticle 
field theory, the propagation of a particle across a spacelike interval is indis- 
tinguishable from the propagation of an antiparticle in the opposite direction 
(see Fig. 2.1). When we ask whether an observation made at point zg can 
affect an observation made at point x, we will find that the amplitudes for 
particle and antiparticle propagation exactly cancel—so causality is preserved. 

Quantum field theory provides a natural way to handle not only multipar- 
ticle states, but also transitions between states of different particle number. 
It solves the causality problem by introducing antiparticles, then goes on to 


*See Gradshteyn and Ryzhik (1980), #3.914. 
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Figure 2.1. Propagation from xo to x in one frame looks like propagation 
from x to zo in another frame. 


explain the relation between spin and statistics. But most important, it pro- 
vides the tools necessary to calculate innumerable scattering cross sections, 
particle lifetimes, and other observable quantities. The experimental confir- 
mation of these predictions, often to an unprecedented level of accuracy, is 
our real reason for studying quantum field theory. 


2.2 Elements of Classical Field Theory 


In this section we review some of the formalism of classical field theory that 
will be necessary in our subsequent discussion of quantum field theory. 


Lagrangian Field Theory 


The fundamental quantity of classical mechanics is the action, S, the time 
integral of the Lagrangian, L. In a local field theory the Lagrangian can be 
written as the spatial integral of a Lagrangian density, denoted by £, which is 
a function of one or more fields ¢(x) and their derivatives 0,9. Thus we have 


S= fia = fJ, ð p) dz. (2.1) 


Since this is a book on field theory, we will refer to £ simply as the Lagrangian. 

The principle of least action states that when a system evolves from one 
given configuration to another between times tı and t2, it does so along the 
“path” in configuration space for which S is an extremum (normally a mini- 
mum). We can write this condition as 


0=6S 


= fate {50 + O] 


= [ete { S500 - an Can p + 0, (sant) }- (2.2) 


The last term can be turned into a surface integral over the boundary of the 
four-dimensional spacetime region of integration. Since the initial and final 
field configurations are assumed given, 5¢ is zero at the temporal beginning 
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and end of this region. If we restrict our consideration to deformations 6¢ that 
vanish on the spatial boundary of the region as well, then the surface term is 
zero. Factoring out the 6¢ from the first two terms, we note that, since the 
integral must vanish for arbitrary 6¢, the quantity that multiplies 6¢ must 
vanish at all points. Thus we arrive at the Euler-Lagrange equation of motion 
for a field, 


aL ) aL (2.3) 


ð ( b£ 
“Naap ô$ 
If the Lagrangian contains more than one field, there is one such equation for 
each. 


Hamiltonian Field Theory 


The Lagrangian formulation of field theory is particularly suited to relativistic 
dynamics because all expressions are explicitly Lorentz invariant. Nevertheless 
we will use the Hamiltonian formulation throughout the first part of this 
book, since it will make the transition to quantum mechanics easier. Recall 
that for a discrete system one can define a conjugate momentum p = OL/04q 
(where ¢ = 0q/0t) for each dynamical variable q. The Hamiltonian is then 
H = X` pq—L. The generalization to a continuous system is best understood 
by pretending that the spatial points x are discretely spaced. We can define 


_ ôL ð , 5 
= Bae) G TECDE y 


~ — L oy) 
5 Jo 2 (ey) bydy 


= r(x)dg 


p(x) 


where 


(2.4) 
is called the momentum density conjugate to ¢(x). Thus the Hamiltonian can 
be written ; 
H = S°p(x)@(x) - L. 
x 
Passing to the continuum, this becomes 


H= pee [m(x) d(x) - £] = fern (2.5) 


We will rederive this expression for the Hamiltonian density H near the end 
of this section, using a different method. 
As a simple example, consider the theory of a single field ¢(x), governed 
by the Lagrangian 
L= 36° -Vo — amg? 


= 7(0u0)? — img? 2e 
2\°R 2 . 
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For now we take ¢ to be a real-valued field. The quantity m will be interpreted 
as a mass in Section 2.3, but for now just think of it as a parameter. From 
this Lagrangian the usual procedure gives the equation of motion 
Ə? 2 2 

(sa-9 +m?) 6=0 or (00, +m’) = 0, (2.7) 
which is the well-known Klein-Gordon equation. (In this context it is a classi- 
cal field equation, like Maxwell’s equations—not a quantum-mechanical wave 
equation.) Noting that the canonical momentum density conjugate to g(x) is 
n(x) = (x), we can also construct the Hamiltonian: 


H= frn- fèrt (VA) + $m"). (2.8) 


We can think of the three terms, respectively, as the energy cost of “moving” 
in time, the energy cost of “shearing” in space, and the energy cost of having 
the field around at all. We will investigate this Hamiltonian much further in 
Sections 2.3 and 2.4. 


Noether’s Theorem 


Next let us discuss the relationship between symmetries and conservation 
laws in classical field theory, summarized in Noether’s theorem. This theorem 
concerns continuous transformations on the fields ¢, which in infinitesimal 
form can be written 


plz) > ¢'(x) = o(x) + aAg(a), (2.9) 


where a is an infinitesimal parameter and A¢ is some deformation of the field 
configuration. We call this transformation a symmetry if it leaves the equa- 
tions of motion invariant. This is insured if the action is invariant under (2.9). 
More generally, we can allow the action to change by a surface term, since the 
presence of such a term would not affect our derivation of the Euler-Lagrange 
equations of motion (2.3). The Lagrangian, therefore, must be invariant un- 
der (2.9) up to a 4-divergence: 


L(x) > L(x) + ad, J" (2), (2.10) 


for some J“. Let us compare this expectation for AL to the result obtained 
by varying the fields: 


OL 


OL 
AL = —(aA m 
aAL = glest) + (saan 


= 08 (aaa) sola -2 (a05) 


) ô, laAg) 
(2.11) 


18 Chapter 2 The Klein-Gordon Field 


The second term vanishes by the Euler-Lagrange equation (2.3). We set the 
remaining term equal to a0, 7" and find 


_ oL 
(9,0) 
(If the symmetry involves more than one field, the first term of this expression 
for j#(x) should be replaced by a sum of such terms, one for each field.) 
This result states that the current j(x) is conserved. For each continuous 


symmetry of £, we have such a conservation law. 
The conservation law can also be expressed by saying that the charge 


A,j"(e)=0, for j#(a) 


Ag— J". (2.12) 


Q= J pada (2.13) 
all space 


is a constant in time. Note, however, that the formulation of field theory in 
terms of a local Lagrangian density leads directly to the local form of the 
conservation law, Eq. (2.12). 

The easiest example of such a conservation law arises from a Lagrangian 
with only a kinetic term: £ = 3 (0,6). The transformation ¢ — ¢+ a, where 
ais a constant, leaves £ unchanged, so we conclude that the current j” = ôo 
is conserved. As a less trivial example, consider the Lagrangian 


L = |ð]? — m?o, (2.14) 


where ¢ is now a complezr-valued field. You can easily show that the equation 
of motion for this Lagrangian is again the Klein-Gordon equation, (2.7). This 
Lagrangian is invariant under the transformation ¢ — e’“¢; for an infinitesi- 
mal transformation we have 


add = iad; aAg* = —iad*. (2.15) 


(We treat ¢ and ¢* as independent fields. Alternatively, we could work with 
the real and imaginary parts of ¢.) It is now a simple matter to show that the 
conserved Noether current is 


Je = i[(06")6 — 6"(8"6)]. (2.16) 
(The overall constant has been chosen arbitrarily.) You can check directly that 
the divergence of this current vanishes by using the Klein-Gordon equation. 
Later we will add terms to this Lagrangian that couple ¢ to an electromagnetic 
field. We will then interpret j” as the electromagnetic current density carried 
by the field, and the spatial integral of j? as its electric charge. 
Noether’s theorem can also be applied to spacetime transformations such 
as translations and rotations. We can describe the infinitesimal translation 


zh —> r” — a” 
alternatively as a transformation of the field configuration 


P(x) > O(a +a) = O(x) + a” ô p(z). 
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The Lagrangian is also a scalar, so it must transform in the same way: 
L > L +aÃð L = L + a 8p (8L). 


Comparing this equation to (2.10), we see that we now have a nonzero J“. 
Taking this into account, we can apply the theorem to obtain four separately 
conserved currents: dL 
TH, = ~~ 0.6 — Lô". 2.17 

V a ð, $) o V ( ) 
This is precisely the stress-energy tensor, also called the energy-momentum 
tensor, of the field ¢. The conserved charge associated with time translations 
is the Hamiltonian: 


H= fe dgr = fher. (2.18) 


By computing this quantity for the Klein-Gordon field, one can recover the 
result (2.8). The conserved charges associated with spatial translations are 


P = f T” Ba = — f rio Ër, (2.19) 


and we naturally interpret this as the (physical) momentum carried by the 
field (not to be confused with the canonical momentum). 


2.3 The Klein-Gordon Field as Harmonic Oscillators 


We begin our discussion of quantum field theory with a rather formal treat- 
ment of the simplest type of field: the real Klein-Gordon field. The idea is to 
start with a classical field theory (the theory of a classical scalar field gov- 
erned by the Lagrangian (2.6)) and then “quantize” it, that is, reinterpret the 
dynamical variables as operators that obey canonical commutation relations.t 
We will then “solve” the theory by finding the eigenvalues and eigenstates of 
the Hamiltonian, using the harmonic oscillator as an analogy. 

The classical theory of the real Klein-Gordon field was discussed briefly 
(but sufficiently) in the previous section; the relevant expressions are given in 
Eqs. (2.6), (2.7), and (2.8). To quantize the theory, we follow the same pro- 
cedure as for any other dynamical system: We promote ¢ and 7 to operators, 
and impose suitable commutation relations. Recall that for a discrete system 
of one or more particles the commutation relations are 


CRA = 16435 
AR = (pi, ps] =Q. 


tThis procedure is sometimes called second quantization, to distinguish the re- 
sulting Klein-Gordon equation (in which ¢ is an operator) from the old one-particle 
Klein-Gordon equation (in which ¢ was a wavefunction). In this book we never adopt 
the latter point of view; we start with a classical equation (in which ¢ is a classical 
field) and quantize it exactly once. 
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For a continuous system the generalization is quite natural; since a(x) is the 
momentum density, we get a Dirac delta function instead of a Kronecker delta: 


[o(x), m(y)] = 6 (x — y); 
[4(x), o(y)] = [m(x), r(y)] = 0, 


(For now we work in the Schrödinger picture where ¢ and 7 do not depend 
on time. When we switch to the Heisenberg picture in the next section, these 
“equal time” commutation relations will still hold provided that both opera- 
tors are considered at the same time.) 

The Hamiltonian, being a function of ¢ and 7, also becomes an operator. 
Our next task is to find the spectrum from the Hamiltonian. Since there is 
no obvious way to do this, let us seek guidance by writing the Klein-Gordon 
equation in Fourier space. If we expand the classical Klein-Gordon field as 


3 
on = [os e?* 60,0 


(with ¢*(p) = (—p) so that ¢(x) is real), the Klein-Gordon equation (2.7) 
becomes 


(2.20) 


|e + (ip? +m?)] 00,1) =0 (2.21 


This is the same as the equation of motion for a simple harmonic oscillator 


with frequency 
wp = yV |p|? + m?. (2.22) 


The simple harmonic oscillator is a system whose spectrum we already 
know how to find. Let us briefly recall how it is done. We write the Hamiltonian 
as 

Hsyo = 3p? + jwg’. 
To find the eigenvalues of Hsyo, we write ¢ and p in terms of ladder operators: 


$= -z(e +a); p=-i =(a~al). (2.23) 


The canonical commutation relation [¢ġ, p} = i is equivalent to 
[a,at] = 1. (2.24) 
The Hamiltonian can now be rewritten 
Hsyo = w(atat ty. 


The state |0) such that a|0) = 0 is an eigenstate of H with eigenvalue iw, 
the zero-point energy. Furthermore, the commutators 


[Hsuo, at] = wal, [Hsno, a] = —wa 
make it easy to verify that the states 


In) = (at)” |0) 
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are eigenstates of Hsyo with eigenvalues (n + 5)w. These states exhaust the 
spectrum. 

We can find the spectrum of the Klein-Gordon Hamiltonian using the 
same trick, but now each Fourier mode of the field is treated as an independent 
oscillator with its own a and at. In analogy with (2.23) we write 


(x) = [Ss — (ape'?™ + age P*); (2.25) 


Qn) ap 
w(x) = [ae DE (ape —afe'P*), (2.26) 


The inverse expressions for ap and al, in terms of ọ and 7 are easy to derive 
but rarely needed. In the calculations below we will find it useful to rearrange 
(2.25) and (2.26) as follows: 


3 
(x) = JE 1 (ap + ate”; (2.27) 


3 w. , 
nw) = f an ( ay? (ap — al, )e?™. (2.28) 


The commutation relation (2.24) becomes 


[ap, af] = (27)°6° (p —p'), (2.29) 


from which you can verify that the commutator of ¢ and a works out correctly: 


1 d dp —i ‘ i(p-x+p’-x’ 
opre] = S SEEPS SE (leial ~ lapat y] 


Wp 


= 16°) (x — x’), (2.30) 


(If computations such as this one and the next are unfamiliar to you, please 
work them out carefully; they are quite easy after a little practice, and are 
fundamental to the formalism of the next two chapters.) 

We are now ready to express the Hamiltonian in terms of ladder operators. 
Starting from its expression (2.8) in terms of ¢ and 7, we have 


Ppp , n, WpWp’ 
no [| BEE amen Soy oop 
-p p +m? i t \ 
+ 4 WpWp’ (ap + atp) (ap +aly) 
dp 


= las Wp (ahap + 5[ap, a$] ): (2.31) 


The second term is proportional to 6(0), an infinite c-number. It is simply 
the sum over all modes of the zero-point energies wp/2, so its presence is 
completely expected, if somewhat disturbing. Fortunately, this infinite energy 
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shift cannot be detected experimentally, since experiments measure only en- 
ergy differences from the ground state of H. We will therefore ignore this 
infinite constant term in all of our calculations. It is possible that this en- 
ergy shift of the ground state could create a problem at a deeper level in the 
theory; we will discuss this matter in the Epilogue. 

Using this expression for the Hamiltonian in terms of ap and al, it is easy 
to evaluate the commutators 


[H, at] = Wpat; [H, ap] = —wpap. (2.32) 


We can now write down the spectrum of the theory, just as for the harmonic 
oscillator. The state |0) such that ap |0) = 0 for all p is the ground state or 
vacuum, and has E = 0 after we drop the infinite constant in (2.31). All other 
energy eigenstates can be built by acting on |0) with creation operators. In 
general, the state alal -+ |0} is an eigenstate of H with energy wp +wąa +- 
These states exhaust the spectrum. 

Having found the spectrum of the Hamiltonian, let us try to interpret its 
eigenstates. From (2.19) and a calculation similar to (2.31) we can write down 
the total momentum operator, 


3 
P= - f ès m(x)VO(x) = las pal ap- (2.33) 


So the operator a} creates momentum p and energy wp = \/|p|? + m?. Sim- 
ilarly, the state ala} --- [0} has momentum p+q-+---. It is quite natural to 
call these excitations particles, since they are discrete entities that have the 
proper relativistic energy-momentum relation. (By a particle we do not mean 
something that must be localized in space; al creates particles in momentum 
eigenstates.) From now on we will refer to wp as Ep (or simply E), since it 
really is the energy of a particle. Note, by the way, that the energy is always 
positive: Ep = +y |p|? + m?. 

This formalism also allows us to determine the statistics of our particles. 
Consider the two-particle state alal |0}. Since al and al commute, this state 
is identical to the state alal |0) in which the two particles are interchanged. 
Moreover, a single mode p can contain arbitrarily many particles (just as a 
simple harmonic oscillator can be excited to arbitrarily high levels). Thus we 
conclude that Klein-Gordon particles obey Bose-Einstein statistics. 

We naturally choose to normalize the vacuum state so that (0/0) = 1. 
The one-particle states |p) « al, |0) will also appear quite often, and it is 
worthwhile to adopt a convention for their normalization. The simplest nor- 
malization (p|q) = (27)°6°)(p — q) (which many books use) is not Lorentz 
invariant, as we can demonstrate by considering the effect of a boost in the 
3-direction. Under such a boost we have p} = y(p3 + GE), E’ = y(E + Bps3). 
Using the delta function identity 


6(f(«) — (eo) = rani ~ zo), (2.34) 
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we can compute 


dp 
63) (p — a) = 68) (p — aq’) - 3 
(p — q) (p’ — q’) dps 
dE 
— 603) (p! — ah 
6 (p dyi(1+ 55) 


y 
= 6®(p' - q') 5 (E + Gps) 

E' 

E’ 

The problem is that volumes are not invariant under boosts; a box whose 
volume is V in its rest frame has volume V/y in a boosted frame, due to 


Lorentz contraction. But from the above calculation, we see that the quantity 
Ep6\)(p — q) is Lorentz invariant. We therefore define 


|p) = V/2Ep a}, |0}, (2.35) 


= 60 (p -q)) 


so that 

(pla) = 2Ep(2r)*5) (p — a). (2.36) 
(The factor of 2 is unnecessary, but is convenient because of the factor of 2 in 
Eq. (2.25).) 


On the Hilbert space of quantum states, a Lorentz transformation A will 
be implemented as some unitary operator U(A). Our normalization condition 
(2.35) then implies that 


U(A) |p) = |Ap). (2.37) 


If we prefer to think of this transformation as acting on the operator ab, we 
can also write 


U(A)a} UHA) = 4 =? ahp (2.38) 


With this normalization we must divide by 2Ep in other places. For ex- 
ample, the completeness relation for the one-particle states is 


3 
Dipara = | on ip) aE wl, (2.39) 


where the operator on the left is simply the identity within the subspace of 
one-particle states, and zero in the rest of the Hilbert space. Integrals of this 
form will occur quite often; in fact, the integral 


BB 1 dt 
| ea 2Ep / Bay CIP —m?) 350 (2.40) 


is a Lorentz-invariant 3-momentum integral, in the sense that if f(p) is 
Lorentz-invariant, so is f d'p f(p)/(2Ep). The integration can be thought of 
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p? > 0 branch 
p 


p? < 0 branch 


Figure 2.2. The Lorentz-invariant 3-momentum integral is over the upper 
branch of the hyperboloid p? = m?. 


as being over the p° > 0 branch of the hyperboloid p? = m? in 4-momentum 
space (see Fig. 2.2). 
Finally let us consider the interpretation of the state (x) |0). From the 
expansion (2.25) we see that 
dp 1 , 
0) = ——e Px 2.41 
#010) = ae Ip) (2.41) 


is a linear superposition of single-particle states that have well-defined mo- 
mentum. Except for the factor 1/2Ep, this is the same as the familiar nonrel- 
ativistic expression for the eigenstate of position |x); in fact the extra factor 
is nearly constant for small (nonrelativistic) p. We will therefore put forward 
the same interpretation, and claim that the operator (x), acting on the vac- 
uum, creates a particle at position x. This interpretation is further confirmed 
when we compute 


3 af ; , 
(0168) ) = 01 [ba age (ao? + ape =) IE ab 0) 
= e'P™ (2.42) 


We can interpret this as the position-space representation of the single-particle 
wavefunction of the state |p), just as in nonrelativistic quantum mechanics 
(x|p) « e’P* is the wavefunction of the state |p). 
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2.4 The Klein-Gordon Field in Space-Time 


In the previous section we quantized the Klein-Gordon field in the Schrödinger 
picture, and interpreted the resulting theory in terms of relativistic particles. 
In this section we will switch to the Heisenberg picture, where it will be easier 
to discuss time-dependent quantities and questions of causality. After a few 
preliminaries, we will return to the question of acausal propagation raised in 
Section 2.1. We will also derive an expression for the Klein-Gordon propagator, 
a crucial part of the Feynman rules to be developed in Chapter 4. 

In the Heisenberg picture, we make the operators ¢ and 7 time-dependent 
in the usual way: 


P(x) = O(x,t) = e7 b(x)e™™, (2.43) 
and similarly for m(x) = a(x, t). The Heisenberg equation of motion, 
ð 
0 = H 2.44 
iO (0, H], (2.44) 


allows us to compute the time dependence of ¢ and 7: 

0 2 

iol = [ød f dx! iae, + VO)? + me) 
J Ba’ (is) (x — x’)ar(x’, t)) 


hen t); 
igt = |7(x,t) fea 1t an? (x! t) + Zox, t) (=V? + m2) g(x’, 1) | 


fa (-is (x — x')(—V? + m7) 6(x’, t) 
—i(-V? + m?) 6(x, t). 


Il 


i 


Il 


Il 


Combining the two results gives 
82 
ot 

which is just the Klein-Gordon equation. 


We can better understand the time dependence of (x) and a(x) by writ- 
ing them in terms of creation and annihilation operators. First note that 


Hap = ap(H — Ep), 


b= (V? - m’), (2.45) 


and hence 

H" ap = ap(H — Ep)”, 
for any n. A similar relation (with — replaced by +) holds for at. Thus we 
have derived the identities 


iHt, ,-tHt _ — p—iEpt iHt t .-iHt _ „t piEpt 
en "ape = ape Pt, e ape = ape’, (2.46) 
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which we can use on expression (2.25) for (x) to find the desired expression 
for the Heisenberg operator $(a), according to (2.43). (We will always use the 
symbols ap and al to represent the time-independent, Schrödinger-picture 
ladder operators.) The result is 


(2.47) 


It is worth mentioning that we can perform the same manipulations with 
P instead of H to relate ¢(x) to ¢(0). In analogy with (2.46), one can show 


—iP-x iP x __ ip-x —iP-x t Px _ ,} ,-ip-x 
e ape * = ape e ape ™ = ape , (2.48) 


and therefore 
glz) — et Ht-P-x) 6 (Qe (Ht P-x) 


2.49 
— P= g(QetP =, ( ) 


where P“ = (H, P). (The notation here is confusing but standard. Remember 
that P is the momentum operator, whose eigenvalue is the total momentum of 
the system. On the other hand, p is the momentum of a single Fourier mode 
of the field, which we interpret as the momentum of a particle in that mode. 
For a one-particle state of well-defined momentum, p is the eigenvalue of P.) 

Equation (2.47) makes explicit the dual particle and wave interpretations 
of the quantum field @(x). On the one hand, (x) is written as a Hilbert space 
operator, which creates and destroys the particles that are the quanta of field 
excitation. On the other hand, ¢(2) is written as a linear combination of solu- 
tions (e’?* and e~*?'*) of the Klein-Gordon equation. Both signs of the time 
dependence in the exponential appear: We find both e~*"* and etiP’t al- 
though p° is always positive. If these were single-particle wavefunctions, they 
would correspond to states of positive and negative energy; let us refer to 
them more generally as positive- and negative-frequency modes. The connec- 
tion between the particle creation operators and the waveforms displayed here 
is always valid for free quantum fields: A positive-frequency solution of the 
field equation has as its coefficient the operator that destroys a particle in 
that single-particle wavefunction. A negative-frequency solution of the field 
equation, being the Hermitian conjugate of a positive-frequency solution, has 
as its coefficient the operator that creates a particle in that positive-energy 
single-particle wavefunction. In this way, the fact that relativistic wave equa- 
tions have both positive- and negative-frequency solutions is reconciled with 
the requirement that a sensible quantum theory contain only positive excita- 
tion energies. 
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Causality 


Now let us return to the question of causality raised at the beginning of this 
chapter. In our present formalism, still working in the Heisenberg picture, the 
amplitude for a particle to propagate from y to x is (0| 6(x)@(y) |0). We will 
call this quantity D(a — y}. Each operator ¢ is a sum of a and a! operators, 
but only the term (0| apat |0) = (27)?6@) (p — q) survives in this expression. 
It is easy to check that we are left with 
_ _ [Ëp 1 ipe) 
Dæ- 9) = (Oo(a)ou) = [Segre POY. (2.50) 


We have already argued in (2.40) that integrals of this form are Lorentz in- 
variant. Let us now evaluate this integral for some particular values of x — y. 

First consider the case where the difference x — y is purely in the time- 
direction: x? — y? = t, x —y = 0. (If the interval from y to æ is timelike, there 
is always a frame in which this is the case.) Then we have 


a CO 
4 2 . 
vey- i Jo Erm 


(27) J VP +m? 
CO 
1 (2.51) 
= za fE E2 — m? eFt 
~ eimi 
t- o0 


Next consider the case where z—y is purely spatial: z? —y? = 0, x-y =r. 
The amplitude is then 


The integrand, considered as a complex function of p, has branch cuts on the 
imaginary axis starting at +im (see Fig. 2.3). To evaluate the integral we 


push the contour up to wrap around the upper branch cut. Defining p = —ip, 
we obtain 
CO 
1 P e Pr —mr 
Ss vy . 2.52 
an | os r= o0 € ( 52) 
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n $ @__—. — 
push 
—im contour 


Figure 2.3. Contour for evaluating propagation amplitude D(x — y) over a 
spacelike interval. 


So again we find that outside the light-cone, the propagation amplitude is 
exponentially vanishing but nonzero. 

To really discuss causality, however, we should ask not whether particles 
can propagate over spacelike intervals, but whether a measurement performed 
at one point can affect a measurement at another point whose separation from 
the first is spacelike. The simplest thing we could try to measure is the field 
(zx), so we should compute the commutator [¢(x), d(y)]; if this commutator 
vanishes, one measurement cannot affect the other. In fact, if the commu- 
tator vanishes for (x — y)? < 0, causality is preserved quite generally, since 
commutators involving any function of ¢(2), including a(x) = 0¢/0t, would 
also have to vanish. Of course we know from Eq. (2.20) that the commutator 
vanishes for z? = y°; now let’s do the more general computation: 


(ote), o)] = f 


Bp 1 [2 1 
(27)? \2E, J CT} \/2Eq 
x [(ape =" + abe?) (age ‘24 + ale™™)] 


d*p 1 —ip-(z— ip (x— 
= | sre ern) 


= D(x — y) — Diy- £). (2.53) 


When (x — y)? < 0, we can perform a Lorentz transformation on the second 
term (since each term is separately Lorentz invariant), taking (z — y) —> 
—(x — y), as shown in Fig. 2.4. The two terms are therefore equal and cancel 
to give zero; causality is preserved. Note that if (x — y)? > 0 there is no 
continuous Lorentz transformation that takes (x—y} — —(«—y). In this case, 
by Eq. (2.51), the amplitude is (fortunately) nonzero, roughly (e~*™! — et™t) 
for the special case x — y = 0. Thus we conclude that no measurement in the 
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Figure 2.4. When v — y is spacelike, a continuous Lorentz transformation 
can take (x — y) to (x — y). 


Klein-Gordon theory can affect another measurement outside the light-cone. 
Causality is maintained in the Klein-Gordon theory just as suggested at 
the end of Section 2.1. To understand this mechanism properly, however, we 
should broaden the context of our discussion to include a complex Klein- 
Gordon field, which has distinct particle and antiparticle excitations. As was 
mentioned in the discussion of Eq. (2.15), we can add a conserved charge to 
the Klein-Gordon theory by considering the field ¢(x) to be complex- rather 
than real-valued. When the complex scalar field theory is quantized (see Prob- 
lem 2.2), (x) will create positively charged particles and destroy negatively 
charged ones, while gi (x) will perform the opposite operations. Then the com- 
mutator [ġ(x), ø (y)] will have nonzero contributions, which must delicately 
cancel outside the light-cone to preserve causality. The two contributions have 
the spacetime interpretation of the two terms in (2.53), but with charges at- 
tached. The first term will represent the propagation of a negatively charged 
particle from y to z. The second term will represent the propagation of a 
positively charged particle from x to y. In order for these two processes to 
be present and give canceling amplitudes, both of these particles must exist, 
and they must have the same mass. In quantum field theory, then, causality 
requires that every particle have a corresponding antiparticle with the same 
mass and opposite quantum numbers (in this case electric charge). For the 
real-valued Klein-Gordon field, the particle is its own antiparticle. 


The Klein-Gordon Propagator 


Let us study the commutator [¢(x), é(y)] a little further. Since it is a 
c-number, we can write [¢(z), o(y)] = (0| [¢(x), o(y)] |0}. This can be rewritten 
as a four-dimensional integral as follows, assuming for now that x? >y’: 


3 
olee = SEE ee ere) 
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_ J R R 
(27) | 2Ep 


p?=Ep 
+ 1 eir-s) 
-2Ep pl=—Epy 
dp dpł —1 ip-( 
= Tip (ay) 2.54 
2 >y? law / 2ri p? Tm (2.54) 


In the last step the p° integral is to be performed along the following contour: 


For x° > y’ we can close the contour below, picking up both poles to obtain 
the previous line of (2.54). For 2° < y? we may close the contour above, 
giving zero. Thus the last line of (2.54), together with the prescription for 
going around the poles, is an expression for what we will call 


Drle — y) = (2° — y”) (0| [9(z), (y)] |0) . (2.55) 


To understand this quantity better, let’s do another computation: 


(2? +m?) Dax — y) = (86(2" — y°)) (0| [6(z), o(y)] |0) 
+ 2(d,8(x" — y")) (& (0| [o(x), 6(y)] |0)) 
+ (2° — y”) (8? + m?) (0| [6(2), 6(y)] 10) 
= —6(2° — y°) (0| [r(x), 6(y)] |0) 
+28(x° — y°) (0| [r (2), 6(y)] |0) +0 
= —i8 P (x — y). (2.56) 
This says that Dr(x — y) is a Green’s function of the Klein-Gordon operator. 
Since it vanishes for x° < y°, it is the retarded Green’s function. 


If we had not already derived expression (2.54), we could find it by Fourier 
transformation. Writing 


Dr(t-y= J r cP (9) Dp(p), (2.57) 


we obtain an algebraic expression for Drlp): 
(—p? + m?)Dr(p) = —i. 
Thus we immediately arrive at the result 
d‘p i 


Dr(a ~ y) = J (Qn! p2 — m2 en iP (ey), (2.58) 
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The p°-integral of (2.58) can be evaluated according to four different con- 
tours, of which that used in (2.54) is only one. In Chapter 4 we will find that 
a different pole prescription, 


is extremely useful; it is called the Feynman prescription. A convenient way 
to remember it is to write 
d‘p i . 
Dr(a-y)= ee (e-v) 2.59 
F( y) J (27)4 p — m2 + i€ ) ( ) 


since the poles are then at p? = +(E,-—ie), displaced properly above and below 
the real axis. When x° > y° we can perform the p° integral by closing the 
contour below, obtaining exactly the propagation amplitude D(a — y) (2.50). 
When z? < y? we close the contour above, obtaining the same expression but 
with x and y interchanged. Thus we have 


n _ Jf D(e-y) fors? >y’ 
Dr(z =y) = {pt — x) forg’ <y? 


= O(x° — y°) (0| d(x) H(y) |0) + A(y° — <°) (0| d(y) (a) 10) 
= (0|T(x)ġ(y) |0). (2.60) 


The last line defines the “time-ordering” symbol T, which instructs us to 
place the operators that follow in order with the latest to the left. By applying 
(0? +m?) to the last line, you can verify directly that Dp is a Green’s function 
of the Klein-Gordon operator. 

Equations (2.59) and (2.60) are, from a practical point of view, the most 
important results of this chapter. The Green’s function Dr(x — y) is called 
the Feynman propagator for a Klein-Gordon particle, since it is, after all, a 
propagation amplitude. Indeed, the Feynman propagator will turn out to be 
part of the Feynman rules: Dp (x—y) (or Dr(p)) is the expression that we will 
attach to internal lines of Feynman diagrams, representing the propagation of 
virtual particles. 

Nevertheless we are still a long way from being able to do any real calcu- 
lations, since so far we have talked only about the free Klein-Gordon theory, 
where the field equation is linear and there are no interactions. Individual par- 
ticles live in their isolated modes, oblivious to each others’ existence and to 
the existence of any other species of particles. In such a theory there is no hope 
of making any observations, by scattering or any other means. On the other 
hand, the formalism we have developed is extremely important, since the free 
theory forms the basis for doing perturbative calculations in the interacting 
theory. 
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Particle Creation by a Classical Source 


There is one type of interaction, however, that we are already equipped to 
handle. Consider a Klein-Gordon field coupled to an external, classical source 
field j(z). That is, consider the field equation 


(0? + m)4(2) = j(2), (2.61) 
where j(z) is some fixed, known function of space and time that is nonzero 
only for a finite time interval. If we start in the vacuum state, what will we 
find after j(x) has been turned on and off again? 

The field equation ue follows from the Lagrangian 
= 5 (Oud)? — md? + jll). (2.62) 


But if j(x) is turned on for only a finite time, it is easiest to solve the problem 
using the field equation directly. Before j(x) is turned on, ¢(x) has the form 


$o(2) = J TPA (apeh? + ahei) 
(27)? \/2B, P P 

If there were no source, this would be the solution for all time. With a source, 

the solution of the equation of motion can be constructed using the retarded 

Green’s function: 


ole) = do(a) +i J d'y Drax — y)i(u) 


3 1 
= $o(2) tifa [oe 2Ep aah") 
x (cP 9) _ eP @—9)) j(y). (2.63) 


If we wait until all of 7 is in the past, the theta function equals 1 in the whole 
domain of integration. Then ¢(x) involves only the Fourier transform of j, 


itv) = f ayeti), 
evaluated at 4-momenta p such that p? = m?. It is natural to group the 


positive-frequency terms together with a, and the negative-frequency terms 
with aù; this yields the expression 


$(z) = J Om? aE (ap + aE j(p) e+ he. (2.64) 


You can now guess (or compute) the form of the Hamiltonian after j(x) 
has acted: Just replace ap with (ap + i7(p)/\/2E,) to obtain 


H = ls sa Eo ab- T O) (0 + Feil). 
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The energy of the system after the source has been turned off is 
dp 1 
0|H|0) = |- ol? 2.65 
(ol 0) = fE o, (2.65) 


where |0) still denotes the ground state of the free theory. We can interpret 
these results in terms of particles by identifying |j(p)|?/2E, as the probability 
density for creating a particle in the mode p. Then the total number of particles 


produced is 
dp 1. 
Jan- [aap vor (2.66) 
P 


Only those Fourier components of j(x) that are in resonance with on-mass- 
shell (i.e., p? = m?) Klein-Gordon waves are effective at creating particles. 

We will return to this subject in Problem 4.1. In Chapter 6 we will study 
the analogous problem of photon creation by an accelerated electron (brems- 
strahlung). 


Problems 


2.1 Classical electromagnetism (with no sources) follows from the action 
S= J dtz (IF PH), where Fyy = 0,Ay — dy Ap. 


a) Derive Maxwell’s equations as the Euler-Lagrange equations of this action, treat- 
grange eq 
ing the components A,(x) as the dynamical variables. Write the equations in 
standard form by identifying Et = —F and k Bk = — Fis, 


(b) Construct the energy-momentum tensor for this theory. Note that the usual 
procedure does not result in a symmetric tensor. To remedy that, we can add to 
TĦ” a term of the form 0) KL”, where KAPY is antisymmetric in its first two 
indices. Such an object is automatically divergenceless, so 


Fv = TH 4 a OMY 


is an equally good energy-momentum tensor with the same globally conserved 
energy and momentum. Show that this construction, with 


Ke — FA”, 


leads to an energy-momentum tensor T that is symmetric and yields the standard 
formulae for the electromagnetic energy and momentum densities: 


E=}(E? +B"); S=ExB. 


2.2 The complex scalar field. Consider the field theory of a complex-valued scalar 
field obeying the Klein-Gordon equation. The action of this theory is 


S= fe (8 p* 3" o ~ mpe). 
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It is easiest to analyze this theory by considering #(x) and ¢* (æ), rather than the real 
and imaginary parts of ¢(x), as the basic dynamical variables. 


(a) Find the conjugate momenta to ọ(x) and ¢*(x) and the canonical commutation 
relations. Show that the Hamiltonian is 


H= [ee (a*n + Vo*- Vb + moo). 


Compute the Heisenberg equation of motion for ¢(x) and show that it is indeed 
the Klein-Gordon equation. 


(b) Diagonalize H by introducing creation and annihilation operators. Show that 
the theory contains two sets of particles of mass m. 


(c) Rewrite the conserved charge 
Q= [ee 5 (o*x* — 74) 


in terms of creation and annihilation operators, and evaluate the charge of the 
particles of each type. 

(d) Consider the case of two complex Klein-Gordon fields with the same mass. Label 
the fields as a(x), where a = 1,2. Show that there are now four conserved 


charges, one given by the generalization of part (c), and the other three given 
by 


Q = fe zalo abr = Tala’ Jabpb) 
where a” are the Pauli sigma matrices. Show that these three charges have the 


commutation relations of angular momentum (SU(2)). Generalize these results 
to the case of n identical complex scalar fields. 


2.3 Evaluate the function 


3 . 


for (x — y) spacelike so that (x — y)? = —r?, explicitly in terms of Bessel functions. 


Chapter 3 


The Dirac Field 


Having exhaustively treated the simplest relativistic field equation, we now 
move on to the second simplest, the Dirac equation. You may already be 
familiar with the Dirac equation in its original incarnation, that is, as a single- 
particle quantum-mechanical wave equation.* In this chapter our viewpoint 
will be quite different. First we will rederive the Dirac equation as a classical 
relativistic field equation, with special emphasis on its relativistic invariance. 
Then, in Section 3.5, we will quantize the Dirac field in a manner similar to 
that used for the Klein-Gordon field. 


3.1 Lorentz Invariance in Wave Equations 


First we must address a question that we swept over in Chapter 2: What do 
we mean when we say that an equation is “relativistically invariant”? A rea- 
sonable definition is the following: If ¢ is a field or collection of fields and D 
is some differential operator, then the statement “Do = 0 is relativistically 
invariant” means that if ¢(x) satisfies this equation, and we perform a rota- 
tion or boost to a different frame of reference, then the transformed field, in 
the new frame of reference, satisfies the same equation. Equivalently, we can 
imagine physically rotating or boosting all particles or fields by a common 
angle or velocity; again, the equation Do = 0 should be true after the trans- 
formation. We will adopt this “active” point of view toward transformations 
in the following analysis. 

The Lagrangian formulation of field theory makes it especially easy to 
discuss Lorentz invariance. An equation of motion is automatically Lorentz 
invariant by the above definition if it follows from a Lagrangian that is a 
Lorentz scalar. This is an immediate consequence of the principle of least 
action: If boosts leave the Lagrangian unchanged, the boost of an extremum 
in the action will be another extremum. 


*This subject is covered, for example, in Schiff (1968), Chapter 13; Baym (1969), 
Chapter 23; Sakurai (1967), Chapter 3. Although the present chapter is self-contained, 
we recommend that you also study the single-particle Dirac equation at some point. 
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As an example, consider the Klein-Gordon theory. We can write an arbi- 
trary Lorentz transformation as 


gh — g = APT”, (3.1) 


for some 4 x 4 matrix A. What happens to the Klein-Gordon field (x) under 
this transformation? Think of the field ¢ as measuring the local value of some 
quantity that is distributed through space. If there is an accumulation of this 
quantity at x = zo, o(z) will have a maximum at xo. If we now transform the 
original distribution by a boost, the new distribution will have a maximum at 
x = Ago. This is illustrated in Fig. 3.1(a). The corresponding transformation 
of the field is 


p(z) > ¢'(x) = (Az). (3.2) 


That is, the transformed field, evaluated at the boosted point, gives the same 
value as the original field evaluated at the point before boosting. 

We should check that this transformation leaves the form of the Klein- 
Gordon Lagrangian unchanged. According to (3.2), the mass term $m? $? (x) 
is simply shifted to the point (Atx). The transformation of 0,,¢(z) is 


Bub(x) > Ou(G(A™2)) = (A™)"u(O,9)(A“ 2). (3.3) 


Since the metric tensor g“” is Lorentz invariant, the matrices A"! obey the 
identity 
(A) (AT gh” = 9? (3.4) 


Using this relation, we can compute the transformation law of the kinetic term 
of the Klein-Gordon Lagrangian: 


(Opl)? => g”” (Bud'(#)) (.4'(2)) 
= g” (A7 paoe] (A) 2806] (A72) 
= g” (Ip) (32H) (Az) 
= (3 p (A2). 
Thus, the whole Lagrangian is simply transformed as a scalar: 
L(x) = L(A 2). (3.5) 
The action S, formed by integrating £ over spacetime, is Lorentz invariant. 
A similar calculation shows that the equation of motion is invariant: 
( +m?) (2) = [AIAT + m7] AAE) 
= (9°? 0,05 + MJA 2) 
=0. 
The transformation law (3.2) used for ¢ is the simplest possible transfor- 
mation law for a field. It is the only possibility for a field that has just one 


component. But we know examples of multiple-component fields that trans- 
form in more complicated ways. The most familiar case is that of a vector field, 
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Figure 3.1. When a rotation is performed on a vector field, it affects the 
orientation of the vector as well as the location of the region containing the 
configuration. 


such as the 4-current density j“(x) or the vector potential A} (x). In this case, 
the quantity that is distributed in spacetime also carries an orientation, which 
must be rotated or boosted. As shown in Fig. 3.1(b), the orientation must be 
rotated forward as the point of evaluation of the field is changed: 


under 3-dimensional rotations, V*(z) = RYVI(R 2); 


under Lorentz transformations, Ve (rt) + AVY (Ate). 


Tensors of arbitrary rank can be built out of vectors by adding more indices, 
with correspondingly more factors of A in the transformation law. Using such 
vector and tensor fields we can write a variety of Lorentz-invariant equations, 
for example, Maxwell’s equations, 


OF» =0 or &A,-0,0"A, = 0, (3.6) 
which follow from the Lagrangian 
LMaxwell = -i(Fwy = —F(O,AL = OA,)?. (3.7) 


In general, any equation in which each term has the same set of uncontracted 
Lorentz indices will naturally be invariant under Lorentz transformations. 
This method of tensor notation yields a large class of Lorentz-invariant 
equations, but it turns out that there are still more. How do we find them? 
We could try to systematically find all possible transformation laws for a field. 
Then it would not be hard to write invariant Lagrangians. For simplicity, we 
will restrict our attention to linear transformations, so that, if ®a is an n 
component multiplet, the Lorentz transformation law is given by an n x n 
matrix M (A): 
Balt) + Map(A)®, (Az). (3.8) 
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It can be shown that the most, general nonlinear transformation laws can be 
built from these linear transformations, so there is no advantage in considering 
transformations more general than (3.8). In the following discussion, we will 
suppress the change in the field argument and write the transformation (3.8) 
in the form 

® — M(A)9®. (3.9) 


What are the possible allowed forms for the matrices M(A)? The basic 
restriction on M(A) is found by imagining two successive transformations, A 
and A’. The net result must be a new Lorentz transformation A”; that is, 
the Lorentz transformations form a group. This gives a consistency condition 
that must be satisfied by the matrices M(A): Under the sequence of two 
transformations, 

& = M(A’)M(A)® = M(A")9, (3.10) 


for A” = A'A. Thus the correspondence between the matrices M and the 
transformations A must be preserved under multiplication. In mathematical 
language, we say that the matrices M must form an n-dimensional represen- 
tation of the Lorentz group. So our question now is rephrased in mathemati- 
cal language: What are the (finite-dimensional) matrix representations of the 
Lorentz group? 

Before answering this question for the Lorentz group, let us consider a sim- 
pler group, the rotation group in three dimensions. This group has representa- 
tions of every dimensionality n, familiar in quantum mechanics as the matrices 
that rotate the n-component wavefunctions of particles of different spins. The 
dimensionality is related to the spin quantum number s by n = 2s +1. The 
most important nontrivial representation is the two-dimensional representa- 
tion, corresponding to spin 1/2. The matrices of this representation are the 
2 x 2 unitary matrices with determinant 1, which can be expressed as 


U =e 80/2, (3.11) 


where @ are three arbitrary parameters and a” are the Pauli sigma matrices. 
For any continuous group, the transformations that lie infinitesimally close 
to the identity define a vector space, called the Lie algebra of the group. 
The basis vectors for this vector space are called the generators of the Lie 
algebra, or of the group. For the rotation group, the generators are the angular 
momentum operators J*, which satisfy the commutation relations 


[J*, JI] = ie JE. (3.12) 
The finite rotation operations are formed by exponentiating these operators: 
In quantum mechanics, the operator 

R = exp[-i6'J"] (3.13) 


gives the rotation by an angle |0| about the axis 6. The commutation rela- 
tions of the operators J’ determine the multiplication laws of these rotation 
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operators. Thus, a set of matrices satisfying the commutation relations (3.12) 
produces, through exponentiation as in (3.13), a representation of the rotation 
group. In the example given in the previous paragraph, the representation of 
the angular momentum operators 

Jt > (3.14) 

2 

produces the representation of the rotation group given in Eq. (3.11). It is 
generally true that one can find matrix representations of a continuous group 
by finding matrix representations of the generators of the group (which must 
satisfy the proper commutation relations), then exponentiating these infinites- 
imal transformations. 

For our present problem, we need to know the commutation relations 
of the generators of the group of Lorentz transformations. For the rotation 
group, one can work out the commutation relations by writing the generators 
as differential operators; from the expression 


J=xxp=xx (-iV), (3.15) 


the angular momentum commutation relations (3.12) follow straightforwardly. 
The use of the cross product in (3.15) is special to the case of three dimensions. 
However, we can also write the operators as an antisymmetric tensor, 


J = —i(z’ Vİ — 2/V'), 


so that J? = J’ and so on. The generalization to four-dimensional Lorentz 
transformations is now quite natural: 


JY = iad” — 2” AH), (3.16) 


We will soon see that these six operators generate the three boosts and three 
rotations of the Lorentz group. 

To determine the commutation rules of the Lorentz algebra, we can now 
simply compute the commutators of the differential operators (3.16). The 
result is 


[JY JP7] = i(gP Jue — gP JYO — gee yep 4 gea J¥P). (3.17) 


Any matrices that are to represent this algebra must obey these same com- 
mutation rules. 

Just to see that we have this right, let us look at one particular represen- 
tation (which we will simply pull out of a hat). Consider the 4 x 4 matrices 


(FP Jag = iag — 5%g6%q). (3.18) 


(Here p and v label which of the six matrices we want, while œ and 6 la 
bel components of the matrices.) You can easily verify that these matrices 
satisfy the commutation relations (3.17). In fact, they are nothing but the 
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matrices that act on ordinary Lorentz 4-vectors. To see this, parametrize an 
infinitesimal transformation as follows: 


i 


Ve = (6% — zom) 6) VË, (3.19) 
where V is a 4-vector and w,,, an antisymmetric tensor, gives the infinites- 
imal angles. For example, consider the case w12 = —w2,; = 9, with all other 


components of w equal to zero. Then Eq. (3.19) becomes 


1 0 0 0 
01-60 

Vo 0610 V, (3.20) 
0 0 0 1 


which is just an infinitesimal rotation in the ry-plane. You can also verify 
that setting wo, = ~w10 = 8 gives 


1800 
Vo ely (3.21) 
0001 


an infinitesimal boost in the z-direction. The other components of w generate 
the remaining boosts and rotations in a similar manner. 


3.2 The Dirac Equation 


Now that we have seen one finite-dimensional representation of the Lorentz 
group, the logical next step would be to develop the formalism for finding 
all other representations. Although this is not very difficult to do (see Prob- 
lem 3.1), it is hardly necessary for our purposes, since we are mainly interested 
in the representation(s) corresponding to spin 1/2. 

We can find such a representation using a trick due to Dirac: Suppose 
that we had a set of four n x n matrices y” satisfying the anticommutation 
relations 


fot yb tay’ +’ = 2g!” x nxn (Dirac algebra). (3.22) 


Then we could immediately write down an n-dimensional representation of 
the Lorentz algebra. Here it is: 


i 


si = i] (3.23) 


By repeated use of (3.22), it is easy to verify that these matrices satisfy the 
commutation relations (3.17). 

This computation goes through in any dimensionality, with Lorentz or 
Euclidean metric. In particular, it should work in three-dimensional Euclidean 
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space, and in fact we can simply write 
yÍ =i (Pauli sigma matrices), 
so that {y', yi} = —26" 


The factor of i in the first line and the minus sign in the second line are purely 
conventional. The matrices representing the Lorentz algebra are then 


SË = bito, (3.24) 


which we recognize as the two-dimensional representation of the rotation 
group. 

Now let us find Dirac matrices 4# for four-dimensional Minkowski space. 
It turns out that these matrices must be at least 4 x 4. (There is no fourth 
2 x 2 matrix, for example, that anticommutes with the three Pauli sigma 
matrices.) Further, all 4 x 4 representations of the Dirac algebra are unitarily 
equivalent.t We thus need only write one explicit realization of the Dirac 
algebra. One representation, in 2 x 2 block form, is 


o 0 1 . i 0 g’ 


This representation is called the Weyl or chiral representation. We will find 
it an especially convenient choice, and we will use it exclusively throughout 
this book. (Be careful, however, since many field theory textbooks choose a 
different representation, in which 4° is diagonal. Furthermore, books that use 
chiral representations often make a different choice of sign conventions.) 

In our representation, the boost and rotation generators are 


, t i tifa 0 
got — 1 fe, a] = -3 ( 0 2) ; (3.26) 
and 
si = <7] = set (“ a) = Lesky. (3.27) 


A four-component field ~ that transforms under boosts and rotations accord- 
ing to (3.26) and (3.27) is called a Dirac spinor. Note that the rotation gen- 
erator S* is just the three-dimensional spinor transformation matrix (3.24) 
replicated twice. The boost generators S% are not Hermitian, and thus our 
implementation of boosts is not unitary (this was also true of the vector rep- 
resentation (3.18)). In fact the Lorentz group, being “noncompact”, has no 
faithful, finite-dimensional representations that are unitary. But that does not 
matter to us, since ~ is not a wavefunction; it is a classical field. 


İThis statement and the preceding one follow from the general theory of the 
representations of the Lorentz group derived in Problem 3.1. 
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Now that we have the transformation law for Y, we should look for an 
appropriate field equation. One possibility is simply the Klein-Gordon equa- 
tion: 


(0? +m) = 0. (3.28) 


This works because the spinor transformation matrices (3.26) and (3.27) op- 
erate only in the “internal” space; they go right through the differential oper- 
ator. But it is possible to write a stronger, first-order equation, which implies 
(3.28) but contains additional information. To do this we need to know one 
more property of the y matrices. With a short computation you can verify 
that 


r, S] = (FP?) KL”, 
or equivalently, 
(L+ Supe?) 9H (1 = Sipe?) = (1 = Serpe TO?) Man? 
This equation is just the infinitesimal form of 
AfA = AM (3.29) 


where 
i 


Ai = exp(— 54S") (3.30) 


i 
2 


is the spinor representation of the Lorentz transformation A (compare (3.19)). 
Equation (3.29) says that the y matrices are invariant under simultaneous 
rotations of their vector and spinor indices (just like the a’ under spatial 
rotations). In other words, we can “take the vector index jz on y” seriously,” 
and dot y” into 0, to form a Lorentz-invariant differential operator. 

We are now ready to write down the Dirac equation. Here it is: 


(iy ô, — myz) = 0. (3.31) 


To show that it is Lorentz invariant, write down the Lorentz-transformed 
version of the left-hand side and calculate: 


liy ð, — m] (x) — liyt (ATi — mArp(Ate 
= AL Ay fiy” (A753, = mA 
=A, [Ara Aa (A70, -= m] 
=A; BAr (A — m|y( Az) 
= A; [ið — m]yp(A2) 
=0. 
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To see that the Dirac equation implies the Klein-Gordon equation, act on the 
left with (—iy"0,, — m 
= (~it ð, — M) (i7 ð, — mY 
= (yO, +m) 
(S04, V JOO, + m? ab 
= (0? +m? )p. 

To write down a Lagrangian for the Dirac theory, we must figure out how 
to multiply two Dirac spinors to form a Lorentz scalar. The obvious guess, 
wi, does not work. Under a Lorentz boost this becomes pia Aa 1Y; if the 
boost matrix were unitary, we would have ^ = Ag and everything would be 


fine. But Ax is not unitary, because the generators (3.26) are not Hermitian. 
The solution is to define 


p= yi. (3.32) 
Under an infinitesimal Lorentz transformation parametrized by w,,, we have 
bs yt (1+ gwp (8) y0. The sum over p and v has six distinct nonzero 
terms. In the rotation terms, where u and v are both nonzero, (S#”)' = S#” 
and S#” commutes with 4°. In the boost terms, where p or v is 0, (S#”)T = 
—(S#”) but S”” anticommutes with 7°. Passing the 7° to the left therefore 
removes the dagger from S#”, yielding the transformation law 


Y — way, (3.33) 
and therefore the quantity oy is a Lorentz scalar. Similarly you can show 
(with the aid of (3.29)) that yy” is a Lorentz vector. 

The correct, Lorentz-invariant Dirac Lagrangian is therefore 


Lpirac = wig" On = myy. (3.34) 


The Euler-Lagrange equation for 7) (or w') immediately yields the Dirac equa- 
tion in the form (3.31); the Euler-Lagrange equation for ~ gives the same 
equation, in Hermitian-conjugate form: 


—ið py" — mip = 0. (3.35) 


Weyl] Spinors 


From the block-diagonal form of the generators (3.26) and (3.27), it is apparent 
that the Dirac representation of the Lorentz group is reducible.+ We can form 
two 2-dimensional representations by considering each block separately, and 


writing % 
_[®L 
y= (E) (3.36) 


tIf we had used a different representation of the gamma matrices, the reducibility 
would not be manifest; this is essentially the reason for using the chiral representation. 
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The two-component objects wz and wr are called left-handed and right- 
handed Weyl spinors. You can easily verify that their transformation laws, 
under infinitesimal rotations 8 and boosts 8, are 

O o . 

2 B ia (3.37) 
‘F+P-F)pr. 
These transformation laws are connected by complex conjugation; using the 
identity 


o*a* = —00°, (3.38) 


it is not hard to show that the quantity o?°y¥ transforms like a right-handed 
spinor. 
In terms of Yr, and Yr, the Dirac equation is 
nug _ -m i(ðo +0- V) WL _ 
(iy ðu —m)o lia -0o- V) _m On 0. (3.39) 
The two Lorentz group representations yz, and wr are mixed by the mass 
term in the Dirac equation. But if we set m = 0, the equations for wz and Yr 
decouple: 
(09 -—o- Vowr = 0; 
ilðo +a -V)wr = 0. 
These are called the Weyl equations; they are especially important when treat- 


ing neutrinos and the theory of weak interactions. 
It is possible to clean up this notation slightly. Define 


o” = (1,0), g” = (1,0), (3.41) 


w= (a T) . (3.42) 


(The bar on g has absolutely nothing to do with the bar on w.) Then the 
Dirac equation can be written 


(eE om 


and the Weyl equations become 


ig- Ov, =0; io- ðyr=Q. (3.44) 


(3.40) 


so that 
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3.3 Free-Particle Solutions of the Dirac Equation 


To get some feel for the physics of the Dirac equation, let us now discuss its 
plane-wave solutions. Since a Dirac field y obeys the Klein-Gordon equation, 
we know immediately that it can be written as a linear combination of plane 
waves: 


ylz) = u(p)e"?*, where p? = m?. (3.45) 


For the moment we will concentrate on solutions with positive frequency, that 
is, p? > 0. The column vector u(p) must obey an additional constraint, found 
by plugging (3.45) into the Dirac equation: 


("Pu — m)ulp) = 0. (3.46) 


It is easiest to analyze this equation in the rest frame, where p = po = (m, 0); 
the solution for general p can then be found by boosting with At. In the rest 
frame, Eq. (3.46) becomes 


(ney? -mulo =m (> 1) e0) =o, 


and the solutions are 


u(po) = Vm ($ , (3.47) 


for any numerical two-component spinor €. We conventionally normalize £ so 
that ££ = 1; the factor \/m has been inserted for future convenience. We can 
interpret the spinor £ by looking at the rotation generator (3.27): € transforms 
under rotations as an ordinary two-component spinor of the rotation group, 
and therefore determines the spin orientation of the Dirac solution in the 
usual way. For example, when € = (4), the particle has spin up along the 
3-direction. 

Notice that after applying the Dirac equation, we are free to choose only 
two of the four components of u(p). This is just what we want, since a spin-1/2 
particle has only two physical states—spin up and spin down. (Of course we 
are being a bit premature in talking about particles and spin. We will prove 
that the spin angular momentum of a Dirac particle is h/2 when we quantize 
the Dirac theory in Section 3.5; for now, just notice that there are two possible 
solutions u(p) for any momentum p.) 

Now that we have the general form of u(p) in the rest frame, we can obtain 
u(p) in any other frame by boosting. Consider a boost along the 3-direction. 
First we should remind ourselves of what the boost does to the 4-momentum 
vector. In infinitesimal form, 


G= kek o)l) 
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where 7) is some infinitesimal parameter. For finite n we must write 


(aero) (6) 


The parameter 1 is called the rapidity. It is the quantity that is additive under 
successive boosts. 


Now apply the same boost to u(p). According to Eqs. (3.26) and (3.30), 


u(p) = exp -a(g 2 a) vn(®) 


_ (EPE) +e? (He) 0 : 

-( ( 0 aqsa) y ence) ) C) 

k [VEF P (SS) + VE P(e) e (3.49) 
[VE FPE) + VEP) 


The last line can be simplified to give 


u(p) = (i). 
vp o€ 
where it is understood that in taking the square root of a matrix, we take 
the positive root of each eigenvalue. This expression for u(p) is not only more 
compact, but is also valid for an arbitrary direction of p. When working with 
expressions of this form, it is often useful to know the identity 


(3.50) 


(p-o)(p-d) =p? =m’. (3.51) 


You can then verify directly that (3.50) is a solution of the Dirac equation in 
the form of (3.43). 

In practice it is often convenient to work with specific spinors €. A useful 
choice here would be eigenstates of o°. For example, if € = (6 ) (spin up along 
the 3-axis), we get 


co (ER) o 
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while for € = (?) (spin down along the 3-axis) we have 


/ 3 (0 ) 
u(p) =( BYP O) — v(W, (3.53) 
4a/ E — p3 (°) large boost 0 
In the limit n — oo the states degenerate into the two-component spinors of 
a massless particle. (We now see the reason for the factor of ym in (3.47): It 
keeps the spinor expressions finite in the massless limit.) 
The solutions (3.52) and (3.53) are eigenstates of the helicity operator, 


> 1. fo 0 
A particle with h = +1/2 is called right-handed, while one with h = —1/2 is 
called left-handed. The helicity of a massive particle depends on the frame of 
reference, since one can always boost to a frame in which its momentum is 
in the opposite direction (but its spin is unchanged). For a massless particle, 
which travels at the speed of light, one cannot perform such a boost. 

The extremely simple form of u(p) for a massless particle in a helicity 
eigenstate makes the behavior of such a particle easy to understand. In Chap- 
ter 1, it enabled us to guess the form of the ete~ — ut u` cross section in the 
massless limit. In subsequent chapters we will often do a mindless calculation 
first, then look at helicity eigenstates in the high-energy limit to understand 
what we have done. 

Incidentally, we are now ready to understand the origin of the notation 
wr and Yr for Weyl spinors. The solutions of the Weyl equations are states of 
definite helicity, corresponding to left- and right-handed particles, respectively. 
The Lorentz invariance of helicity (for a massless particle) is manifest in the 
notation of Weyl spinors, since Yz and wp live in different representations of 
the Lorentz group. 

It is convenient to write the normalization condition for u(p) in a Lorentz- 
invariant way. We saw above that Ytp is not Lorentz invariant. Similarly, 


utu = (ElVp-o, él vp -5) - (ES) 


Vp ot (3.55) 
= 2E pete . 
To make a Lorentz scalar we define 
Wp) = w (p). (3.56) 
Then by an almost identical calculation, 
tu = 2m E. (3.57) 


This will be our normalization condition, once we also require that the two- 
component spinor € be normalized as usual: €'€ = 1. It is also conventional to 
choose basis spinors €' and €? (such as (5) and (*)) that are orthogonal. For 
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a massless particle Eq. (3.57) is trivial, so we must write the normalization 
condition in the form of (3.55). 

Let us summarize our discussion so far. The general solution of the Dirac 
equation can be written as a linear combination of plane waves. The positive- 
frequency waves are of the form 

ylz) = ulpe, pp? =m", pp? > 0. (3.58) 


There are two linearly independent solutions for u(p), 
wo = (ZZE), s=1,2 (3.59) 
vp: of 
which we normalize according to 
u (pjut (p) = 2m6"? or ut (pju (p) = 2Bpé"®. (3.60) 
In exactly the same way, we can find the negative-frequency solutions: 
plr) = vpet”, p=m, p° >0. (3.61) 


(Note that we have chosen to put the + sign into the exponential, rather than 
having p? < 0.) There are two linearly independent solutions for v(p), 


-0 S 

v°(p) = ( vP on J) s=1,2 (3.62) 
vP on 

where 7° is another basis of two-component spinors. These solutions are nor- 

malized according to 


vu" (pju? (p) = —2m6"" or vt (pjut (p) = +2 p6"*. (3.63) 
The u’s and v’s are also orthogonal to each other: 
W (p)v*(p} = 0" (p)u" (p) = 0. (3.64) 
Be careful, since u’!(p)v°(p) 4 0 and v”? (pju (p) 4 0. However, note that 
ul (p)u*(~p) = vl (—p)us(p) = 0, (3.65) 


where we have changed the sign of the 3-momentum in one factor of each 
spinor product. 


Spin Sums 


In evaluating Feynman diagrams, we will often wish to sum over the polar- 
ization states of a fermion. We can derive the relevant completeness relations 
with a simple calculation: 


Y= u®(p)u*(p) = 5° (eee) (et /p-a, et /p-a) 
s=1,2 s 


_ Ceos vegye) 
Vp GV/p-a J/p-d\/p-o 
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_f{ m po 
pū mj’ 
In the second line we have used 
1 0 
sesf _ 4 _ 
s=1,2 


Thus we arrive at the desired formula, 
Sou (p)a*(p) = yp +m. (3.66) 


Similarly, 


X > v*(p)0*(p) = y-p—m. (3.67) 


The combination y-p occurs so often that Feynman introduced the notation 
~=7y"p,. We will use this notation frequently from now on. 


3.4 Dirac Matrices and Dirac Field Bilinears 


We saw in Section 3.2 that the quantity Yọ is a Lorentz scalar. It is also 
easy to show that yyy is a 4-vector—we used this fact in writing down the 
Dirac Lagrangian (3.34). Now let us ask a more general question: Consider the 
expression YI y, where T is any 4 x 4 constant matrix. Can we decompose this 
expression into terms that have definite transformation properties under the 
Lorentz group? The answer is yes, if we write I in terms of the following basis 
of sixteen 4 x 4 matrices, defined as antisymmetric combinations of y-matrices: 


1 1 of these 
yH 4 of these 
yH” = aun = ale yy = ~igh” 6 of these 
HYP = yltaa] 4 of these 
nyhuer — ala Pay] 1 of these 

16 total 


The Lorentz-transformation properties of these matrices are easy to deter- 
mine. For example, 


byt > (WAY) GDY) (Age) 
= PARAAF Ag = APY ALAS HAY) 
= AA” gy PW. 


Each set of matrices transforms as an antisymmetric tensor of successively 
higher rank. 
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The last two sets of matrices can be simplified by introducing an addi- 
tional gamma matrix, 


* i vpo 
w = iy = were: (3.68) 


Then yHVP7 = ~ieh¥P7 4° and yHYe = —ieHvP7y, 45. The matrix 4% has the 
following properties, all of which can be verified using (3.68) and the anti- 
commutation relations (3.22): 


(P)i=; (3.69) 
(7°)? =1; (3.70) 
{7,7} = 0. (3.71) 


This last property implies that [y°,S””] = 0. Thus the Dirac representation 
must be reducible, since eigenvectors of y whose eigenvalues are different 
transform without mixing (this criterion for reducibility is known as Schur’s 


lemma). In our basis, 
s f~ 0 
y= ( 0 1) (3.72) 


in block-diagonal form. So a Dirac spinor with only left- (right-) handed com- 
ponents is an eigenstate of 7° with eigenvalue —1 (+1), and indeed these 
spinors do transform without mixing, as we saw explicitly in Section 3.2. 

Let us now rewrite our table of 4x 4 matrices, and introduce some standard 
terminology: 


1 scalar 1 

“yh vector 4 
a i h”, y] tensor 6 
yta’ pseudo-vector 4 

y5 pseudo-scalar 1 

16 


The terms pseudo-vector and pseudo-scalar arise from the fact that these 
quantities transform as a vector and scalar, respectively, under continuous 
Lorentz transformations, but with an additional sign change under parity 
transformations (as we will discuss in Section 3.6). 

From the vector and pseudo-vector matrices we can form two currents out 
of Dirac field bilinears: 


j”) = V(a)yyv(a); (a) = plej 7 (2). (3.73) 


Let us compute the divergences of these currents, assuming that y satisfies 
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the Dirac equation: 
Oyj" = (Opp + by" Oy 
= (imp) + o(-imy) (3.74) 
= 0. 


Thus j” is always conserved if w(x) satisfies the Dirac equation. When we 
couple the Dirac field to the electromagnetic field, j” will become the electric 
current density. Similarly, one can compute 


3 j = 2imay?w. (3.75) 
If m = 0, this current (often called the axial vector current) is also conserved. 
It is then useful to form the linear combinations 
pap lire ao z af 1H 
it = Bo( 5 \u, ir= Bot (Se. (3.76) 
When m = 0, these are the electric current densities of left-handed and right- 
handed particles, respectively, and are separately conserved. 
The two currents j“(x) and j#°(x) are the Noether currents corresponding 
to the two transformations 


w(x) > pla) and (e) > e Y(a). 
The first of these is a symmetry of the Dirac Lagrangian (3.34). The second, 
called a chiral transformation, is a symmetry of the derivative term in £ but 
not the mass term; thus, Noether’s theorem confirms that the axial vector 
current is conserved only if m = 0. 

Products of Dirac bilinears obey interchange relations, known as Fierz 
identities. We will discuss only the simplest of these, which will be needed 
several times later in the book. This simplest identity is most easily written 
in terms of the two-component Weyl spinors introduced in Eq. (3.36). 

The core of the relation is the identity for the 2 x 2 matrices o” defined 
in Eq. (3.41): 


(at ap (Opn) 6 = 2EayEg6. (3.77) 
(Here a, 8, etc. are spinor indices, and € is the antisymmetric symbol.) One 
can understand this relation by noting that the indices a, y transform in the 
Lorentz representation of yz, while 8, 6 transform in the separate representa- 
tion of wr, and the whole quantity must be a Lorentz invariant. Alternatively, 
one can just verify the 16 components of (3.77) explicitly. 

By sandwiching identity (3.77) between the right-handed portions (i.e., 

lower half) of Dirac spinors u1, u2, u3, ua, we find the identity 
(tro U2R)(UsRopUsR) = 2€nytt1 Rati3RyEBSULRBUARS (3.78) 

= —(UR0"U4sR) (UgR0,U2R)- 

This nontrivial relation says that the product of bilinears in (3.78) is anti- 
symmetric under the interchange of the labels 2 and 4, and also under the 
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interchange of 1 and 3. Identity (3.77) also holds for a“, and so we also find 

(t,o uor )(ü3LT puar) = — (üL o" usr )(ü3L0 uaz). (3.79) 

It is sometimes useful to combine the Fierz identity (3.78) with the iden- 
tity linking o# and a: 

Eagla”) ay = (G4 )apepy- (3.80) 


This relation is also straightforward to verify explicitly. By the use of (3.80), 
(3.79), and the relation 
oo, =4, (3.81) 
we can, for example, simplify horrible products of bilinears such as 
(G1 Lo” o” GF u21)(U3rFporF,UaL) = 2€oyti ralign,€g6(o"FU2r)g(ovFrUaL)5 
= avi ratisy€gsurrg (oO o Uar)s 
=2- (4)? * Egy LaU3Ly€BbU2LBUALS 
= 16(ü1 0” uzr )(ü3LT puar )- (3.82) 


There are also Fierz rearrangement identities for 4-component Dirac 
spinors and 4 x 4 Dirac matrices. To derive these, however, it is useful to 
take a more systematic approach. Problem 3.6 presents a general method and 
gives some examples of its application. 


3.5 Quantization of the Dirac Field 


We are now ready to construct the quantum theory of the free Dirac field. 
From the Lagrangian 


L= vid — myy = plig" ð, — m)y, (3.83) 


we see that the canonical momentum conjugate to w is iyt, and thus the 
Hamiltonian is 


H= ftri -V +m)y = fhr yi [iy V +my]y. (3.84) 
If we define a = y°y, 8 = 7°, you may recognize the quantity in brackets as 


the Dirac Hamiltonian of one-particle quantum mechanics: 


hp = ia- V +m. (3.85) 


How Not to Quantize the Dirac Field: 
A Lesson in Spin and Statistics 


To quantize the Dirac field in analogy with the Klein-Gordon field we would 
impose the canonical commutation relations 


[wa(x), vf (y)] = 6 (x — y)bab, (equal times) (3.86) 
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where a and b denote the spinor components of y. This already looks peculiar: 
If y(x) were real-valued, the left-hand side would be antisymmetric under 
x + y, while the right-hand side is symmetric. But y is complex, so we 
do not have a contradiction yet. In fact, we will soon find that much worse 
problems arise when we impose commutation relations on the Dirac field. But 
it is instructive to see how far we can get, in order to better understand the 
relation between spin and statistics. So let us press on; just remember that 
the next few pages will eventually turn out to be a blind alley. 

Our first task is to find a representation of the commutation relations in 
terms of creation and annihilation operators that diagonalizes H. From the 
form of the Hamiltonian (3.84), it will clearly be helpful to expand w(x) in a 
basis of eigenfunctions of hp. We know these eigenfunctions already from our 
calculations in Section 3.3. There we found that 


lig o + iy- V — mju*(p)e ?* = 0, 


so u’(p)e’P™ are eigenfunctions of hp with eigenvalues Ep. Similarly, the 
functions v°(p)e~’?™ (or equivalently, v°(—p)et®™*) are eigenfunctions of 
hp with eigenvalues —Ey. These form a complete set of eigenfunctions, since 
for any p there are two u’s and two v’s, giving us four eigenvectors of the 4 x 4 
matrix hp. 

Expanding w in this basis, we obtain 


3 . 
wi) = f a =" S (apup) +o%u%p)), 687) 


s=1,2 


where aj, and by, are operator coefficients. (For now we work in the Schrödinger 
picture, where y does not depend on time.) Postulate the commutation rela- 
tions 

[at aṣ] = fbg, pst] = (27)36)(p — q)6". (3.88) 


p? 
It is then easy to verify the commutation relations (3.86) for w and yt: 
dp dq 1 
t = 
æ v y) J Qn)? ETE 
x ~( ap ag!]u"(p)aa) + [brp 0%)" -pyo%-a)) 9” 


eP xay) 


3 
d'p 1 ip(x-y) 


(27)? 2Ep 


x (9° Bp - y- p +m) + (Ep +7-P—m)]»° 


= 69) (x — y) x laxa. (3.89) 


In the second step we have used the spin sum completeness relations (3.66) 
and (3.67). 
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We are now ready to write H in terms of the a’s and b’s. After another 
short calculation (making use of the orthogonality relations (3.60), (3.63), and 
(3.65)), we find 


n= [So my l Epasta’, — Bybs! be). (3.90) 


Something is terribly wrong with the second term: By creating more and 
more particles with bt, we can lower the energy indefinitely. (It would not 
have helped to rename b © bÍ, since doing so would ruin the commutation 
relation (3.89).) 

We seem to be in rather deep trouble, but again let’s press on, and inves- 
tigate the causality of this theory. To do this we should compute [w(z), Yt (y)] 
(or more conveniently, [w(a), y(y)]) at non-equal times and hope to get zero 
outside the light-cone. First we must switch to the Heisenberg picture and 
restore the time-dependence of y and y. Using the relations 


iHts —iHt _ „s „—iEpt iHtps o—iHt _ ps „+iEpt 
e ape =ape P, e be = bpe P, (3.91) 


we immediately have 
d? 1 , , 
Wo = | as E L (mute? + Here”); 
v(x) = [ak E TE Ll sty s( (nel? + 00 (pje?) 


We can now calculate the general commutator: 


(3.92) 


[wa(x), p ly)] = [ss T} 2Ep i (wth pulp je P (2-9) + vs (pof (pe ip (a— ») 


3p 
= [oe a (w+ m)ave PC) + (y -— m)ape E=) 


. dp 1 —ip- (£—y ip-(x—y 
= (Patma | ale (ey) — eip ) 
= (iða + m) ,,[9(@), o(y)]- 


Since [¢(x),ġ(y)]| (the commutator of a real Klein-Gordon field) vanishes 
outside the light-cone, this quantity does also. 

There is something odd, however, about this solution to the causality 
problem. Let |0} be the state that is annihilated by all the aĝ and b$: ag |0} = 
b$ |0} = 0. Then 


[valE), by(y)] = 0} [ala 


), bo(y)] 10) 
= (0| va(x)vo(y 


) 10) — (0l dy (y)va(e) 0), 
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just as for the Klein-Gordon field. But in the Klein-Gordon case, we got one 
term of the commutator from each of these two pieces: the propagation of 
a particle from y to x was canceled by the propagation of an antiparticle 
from x to y outside the light-cone. Here both terms come from the first piece, 
(0| (x) w(y) |0}, since the second piece is zero. The cancellation is between 
positive-energy particles and negative-energy particles, both propagating from 
y to x. 

This observation can actually lead us to a resolution of the negative- 
energy problem. One of the assumptions we made in quantizing the Dirac 
theory must have been incorrect. Let us therefore forget about the postulated 
commutation relations (3.86) and (3.88), and see whether we can find a way 
for positive-energy particles to propagate in both directions. We will also have 
to drop our definition of the vacuum |0) as the state that is annihilated by all 
ay, and bp- We will, however, retain the expressions (3.92) for y(x) and y(x) 
as Heisenberg operators, since if y(x) and w(x) solve the Dirac equation, they 
must be decomposable into such plane-wave solutions. 

First consider the propagation amplitude (0| u(x)w(y) |0}, which is to rep- 
resent a positive-energy particle propagating from y to x. In this case we 
want the (Heisenberg) state ply) |0} to be made up of only positive-energy, 
or negative-frequency components (since a Heisenberg state Vy = etHtY g). 
Thus only the ast term of 7)(y) can contribute, which means that bs must 
annihilate the vacuum. Similarly (0| (x) can contain only positive-frequency 
components. Thus we have 


ovea o = 0 [ER BS 
dq s au ( ett 
Jar A W |0) . 


We can say something about the matrix element (0| az aĝ? |0) even without 


(3.93) 


knowing how to interchange ap and ast, by using translational and rotational 
invariance. If the ground state |0} is to be invariant under translations, we 
must have |0) = e‘P*|0). Furthermore, since aĝf creates momentum q, we 
can use Eq. (2.48) to compute 


(0| az ag! |0) = (0| atagte’? * |0) 
= (P-a) x (0| eP xar ag! |0) 
= ei(p—a) x (0 af, agi |0}. 
This says that if (0| a rag |0} is to be nonzero, p must equal q. Similarly, it 
can be shown that rotational invariance of |0} implies r = s. (This should be 


intuitively clear, and can be checked after we discuss the angular momentum 
operator later in this section.) From these considerations we conclude that 
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the matrix element can be written 
(0l apa 10) = (27)°6)(p — q)é"* - A(p), 


where A(p) is so far undetermined. Note, however, that if the norm of a state 
is always positive (as it should be in any self-respecting Hilbert space), A(p) 
must be greater than zero. We can now go back to (3.93), and write 


3 . 
(ole) 0) = [Fase De OT Alpe” 


Pp 1 , 

= — A ~ip(x-y), 
Jer 2Ep (+m) áA(p)e 

This expression is properly invariant under boosts only if A(p) is a Lorentz 

scalar, i.e., A(p)=A(p?). Since p? = m?, A must be a constant. So finally we 

obtain 


3 
(Ol ba (2)Pa (Y) 10) = (i8, +m), J on mn A. (3.94) 


Similarly, in the amplitude (0| w(y)wW(z) |0), we want the only contri- 
butions to be from the positive-frequency terms of (y) and the negative- 
frequency terms of y(x). So ap still annihilates the vacuum, but b§ does not. 
Then by arguments identical to those given above, we have 

— . dp 1 iple— ) 
OBO) = CI. +m) gy [Berge B, (3.95) 


where B is another positive constant. The minus sign is important; it comes 
from the completeness relation (3.67) for X` vū and the sign of x in the ex- 
ponential factor. It implies that we cannot have (0| (W(x), y(y)] |0} = 0 out- 
side the light-cone: The two terms (3.94) and (3.95) would indeed cancel if 
A = ~B, but this is impossible since A and B must both be positive. 

The solution, however, is now at hand. By setting A = B = 1, it is easy 
to obtain (outside the light-cone) 


(0| pala) haly) 0) = — (0| o(y)ba(2) 0). 


That is, the spinor fields anticommute at spacelike separation. This is enough 
to preserve causality, since all reasonable observables (such as energy, charge, 
and particle number) are built out of an even number of spinor fields; for any 
such observables O; and Oz, we still have [O; (£), O2(y)] = 0 for (x — y}? < 0. 

And remarkably, postulating anticommutation relations for the Dirac field 
solves the negative energy problem. The equal-time anticommutation relations 
will be 


{Wa(x), wity)} = 6O (x 7 y) bab; 


3.96 
(u voly)} = iv} = 0. (3.96) 
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We can expand y(x) in terms of af and b8! as before (Eq. (3.87)). The creation 
and annihilation operators must now obey 


laz ai, = (65, bt} = (27)°6 (p — a)" (3.97) 


(with all other anticommutators equal to zero) in order that (3.96) be satisfied. 
Another computation gives the Hamiltonian, 


H= TeX Epapi a — Epbs!be,), 


which is the same as before; bat still creates negative energy. However, the 
relation {b%,,b8"} = (27)°6@) (p — q)6"* is symmetric between bf and bg. So 
let us simply redefine 


by = bet; bgt = bs. (3.98) 


These of course obey exactly the same anticommutation relations, but now 
the second term in the Hamiltonian is 


—Epbitbe = +Epbs'bs — (const). 


If we choose |0) to be the state that is annihilated by a} and b5, then all 
excitations of |0} have positive energy. 

What happened? To better understand this trick, let us abandon the field 
theory for a moment and consider a theory with a single pair of b and bt 
operators obeying {b,b} = 1 and {b,b} = {bt, bt} = 0. Choose a state |0) 
such that b|0} = 0. Then b? |0} is a new state; call it |1). This state satisfies 
b|1) = |0} and bt |1) = 0. So b and b? act on a Hilbert space of only two states, 
|0) and |1). We might say that |0) represents an “empty” state, and that bt 
“fills” the state. But we could equally well call |1) the empty state and say 
that b = bt fills it. The two descriptions are completely equivalent, until we 
specify some observable that allows us to distinguish the states physically. In 
our case the correct choice is to take the state of lower energy to be the empty 
one. And it is less confusing to put the dagger on the operator that creates 
positive energy. That is exactly what we have done. 

Note, by the way, that since (ot)? = 0, the state cannot be filled twice. 
More generally, the anticommutation relations imply that any multiparticle 
state is antisymmetric under the interchange of two particles: ala, |0) = 
—al, a}, |0}. Thus we conclude that if the ladder operators obey anticommuta- 
tion relations, the corresponding particles obey Fermi-Dirac statistics. 

We have just shown that in order to insure that the vacuum has only 
positive-energy excitations, we must quantize the Dirac field with anticom- 
mutation relations; under these conditions the particles associated with the 
Dirac field obey Fermi-Dirac statistics. This conclusion is part of a more gen- 
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eral result, first derived by Pauli*: Lorentz invariance, positive energies, pos- 
itive norms, and causality together imply that particles of integer spin obey 
Bose-Einstein statistics, while particles of half-odd-integer spin obey Fermi- 
Dirac statistics. 


The Quantized Dirac Field 


Let us now summarize the results of the quantized Dirac theory in a systematic 
way. Since the dust has settled, we should clean up our notation: From now 
on we will write bp (the operator that lowers the energy of a state) simply 
as bp, and bi, as bi. All the expressions we will need in our later work are 
listed below; corresponding expressions above, where they differ, should be 
forgotten. 

First we write the field operators: 


p(z) = lam dp 3 aE (au pe Pt + bgo" (p)e t); (3.99) 


p(z) = las d'p sere ve ( cP + agta (pje?) (3.100) 


The creation and annihilation operators a the anticommutation rules 
(apaa } = {05,061} = 0738p- a, 3.101) 


with all other anticommutators equal to zero. The equal-time anticommuta- 
tion relations for y and y? are then 


{ba(x), v] tou 


(3.102) 
{ba(x), Y Hi iao. 
The vacuum |0} is defined to be the state such that 
ap |0) = by |0) = 0. (3.103) 


The Hamiltonian can be written 
n= [oe 3 2 Bp(aslay +080), (3.104) 


where we have dropped the infinite constant term that comes from anticom- 
muting bp and bet. From this we see that the vacuum is the state of lowest 
energy, as desired. The momentum operator is 


3 
P= J Bax y’ (-iV)y = J cat 5 paşa; + opb): (3.105) 


*W. Pauli, Phys. Rev. 58, 716 (1940), reprinted in Schwinger (1958). A rigorous 
treatment is given by R. F. Streater and A. S. Wightman, PCT, Spin and Statistics, 
and All That (Benjamin/Cummings, Reading, Mass., 1964). 
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Thus both ast and pst create particles with energy +E, and momentum p. 
We will refer to the particles created by ast as fermions and to those created 
by pst as antifermions. 

The one-particle states 


Ip, s) = \/2Epast |0) (3.106) 
are defined so that their inner product 
(p, riq, s) = 2E,(27)?5) (p — q)6"° (3.107) 


is Lorentz invariant. This implies that the operator U(A) that implements 
Lorentz transformations on the states of the Hilbert space is unitary, even 
though for boosts, A A is not unitary. 
It will be reassuring to do a consistency check, to see that U(A) imple- 
ments the right transformation on a(x). So calculate 
Uv(«)U =U (ağu (pje? togu (pe JU. (3.108 
won = [ee slo" (p)eP®) U. (3.108) 
We can concentrate on the first term; the second is completely analogous. 
Equation (3.106) implies that af, transforms according to 


U(A)aU (A) = Erp aps (3.109) 


P 


assuming that the axis of spin quantization is parallel to the boost or rotation 
axis. To use this relation to evaluate (3.108), rewrite the integral as 


dp 1 , dp 1 s 
liom NE, P = fom 27)? 2Ep V 2Epap: 


The second factor is transformed in a simple way by U, and the first is a 
Lorentz-invariant integral. Thus, if we apply (3.109) and make the substitution 
p= Ap, Eq. (3.108) becomes 


eo 
uae ura) = | ase Sota) VBa a. 


But u’ (A718) = Azu (p), so indeed we have 


35 ~ 
U(Au(a)U(A) = J N S Apu (Bage PAT y.. 


= Ay (Aa). 


(3.110) 


This result says that the transformed field creates and destroys particles 
at the point Az, as it must. Note, however, that this transformation appears 
to be in the wrong direction compared to Eq. (3.2), where the transformed 
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field ¢ was evaluated at Ax. The difference is that in Section 3.1 we imag- 
ined that we transformed a pre-existing field distribution that was measured 
by ¢(z). Here, we are transforming the action of (x) in creating or destroy- 
ing particles. These two ways of implementing the Lorentz transformation 
work in opposite directions. Notice, though, that the matrix acting on Ņ and 
the transformation of the coordinate x have the correct relative orientation, 
consistent with Eq. (3.8). 

Next we should discuss the spin of a Dirac particle. We expect Dirac 
fermions to have spin 1/2; now we can demonstrate this property from our 
formalism. We have already shown that the particles created by ast and bsi 
each come in two “spin” states: s = 1,2. But we haven’t proved yet that this 
“spin” has anything to do with angular momentum. To do this, we must write 
down the angular momentum operator. 

Recall that we found the linear momentum operator in Section 2.2 by 
looking for the conserved quantity associated with translational invariance. 
We can find the angular momentum operator in a similar way as a consequence 
of rotational invariance. Under a rotation (or any Lorentz transformation), the 
Dirac field y transforms (in our original convention) according to 


Y(2) > y (2) = Agy(A“2). 


To apply Noether’s theorem we must compute the change in the field at a 
fixed point, that is, 


by = W(x) — pla) = M p(z) — p(z). 
Consider for definiteness an infinitesimal rotation of coordinates by an angle 
6 about the z-axis. The parametrization of this transformation is given just 


below Eq. (3.19): w12 = —w21 = @. Using the same parameters in Eq. (3.30), 
we find 


Ay S 1— wy, SH” = 1 — 4058, 


1 
We can now compute 
ylz) = (1 — £0D3) v(t, x + Oy, y — Oa, z) — (2) 
= —0 (xð; — yðs + $D°) (a) = OAW. 
The time-component of the conserved Noether current is then 


o OL O 
T= aa oY = 


Similar expressions hold for rotations about the z- and y-axes, so the angular 
momentum operator is 


J= as yt (x x (—iV) + 2B)u. (3.111) 


ipy? (aOy — yOr + £23) q). 


For nonrelativistic fermions, the first term of (3.111) gives the orbital angular 
momentum. The second term therefore gives the spin angular momentum. 
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Unfortunately, the division of (3.111) into spin and orbital parts is not so 
straightforward for relativistic fermions, so it is not simple to write a general 
expression for this quantity in terms of ladder operators. 

To prove that a Dirac particle has spin 1/2, however, it suffices to consider 
particles at rest. In that case, the orbital term of (3.111) does not contribute, 
and we can easily write the spin term in terms of ladder operators. It is easiest 
to use the Schrödinger picture expression (3.87) for y(x): 


Bp dp! 1 lex i 
J, = Px E e iP Xeip-x 
Tje /2Ep 2Ep 2Ep! 


xe “tpl Hoyrt p')) = (apur (p) + riu" (=p)) 


We would like to apply this operator to the one-particle zero-momentum state 
aĝi |0}. This is most easily done using a trick: Since J, must annihilate the 
vacuum, J,a§! |0) = [Je ay p |0}. The only nonzero term in this latter quantity 
has the structure [a7ta? , ag'] = (2)36@)(p)agté"’s; the other three terms in 


p “p 
the commutator either vanish or annihilate the vacuum. Thus we find 


ao = E Ero oao = (e Fe") af 0), 


where we have used the explicit form (3.47) of u(0) to obtain the last expres- 
sion. The sum over r is accomplished most easily by choosing the spinors £” 
to be eigenstates of o. We then find that for €* = OF the one-particle state 
is an eigenstate of J, with eigenvalue +1/2, while for ¿° = (°), it is an eigen- 
state of J, with eigenvalue —1/2. This result is exactly what we expect for 
electrons. 

An analogous calculation determines the spin of a zero-momentum an- 
tifermion. But in this case, since the order of the b and bt terms in J, is 
reversed, we get an extra minus sign from evaluating [bpbh, bi] = — [bf bp, bb). 
Thus for positrons, the association between the spinors ¿° and the spin angular 
momentum is reversed: © corresponds to spin —1/2, while (°) corresponds 
to spin +1/2. This reversal of sign agrees with the prediction of Dirac hole 
theory. From that viewpoint, a positron is the absence of a negative-energy 
electron. If the missing electron had positive J,, its absence has negative J,. 


In summary, the angular momentum of zero-momentum fermions is given 
by 


o 10) = +3ag' |0), — Jebg! 10) = +355" 10), (3.112) 


where the upper sign is for ¿° = © and the lower sign is for £5 = (7). 


There is one more important conserved quantity in the Dirac theory. In 
Section 3.4 we saw that the current j” = yy” is conserved. The charge 


62 Chapter 3 The Dirac Field 


associated with this current is 
Q= [es abt (x)ab(x) -i5 E DC a$ + bpd), 


or, if we ignore another infinite constant, 
a= [| (asta s 5 — oprog). (3.113) 


So ast creates fermions with charge +1, while pst creates antifermions with 
charge —1. When we couple the Dirac field to the electromagnetic field, we 
will see that Q is none other than the electric charge (up to a constant factor 
that depends on which type of particle we wish to describe; e.g., for electrons, 
the electric charge is Qe). 

In Quantum Electrodynamics we will use the spinor field ù to describe 
electrons and positrons. The particles created by ast are electrons; they have 
energy Ep, momentum p, spin 1/2 with polarization appropriate to €*, and 
charge +1 (in units of e). The particles created by bs! are positrons; they have 
energy Ep, momentum p, spin 1/2 with polarization opposite to that of €°, 
and charge —1. The state (x) |0) contains a positron at position x, whose 
polarization corresponds to the spinor component chosen. Similarly, Y p(z ) 10) 
is a state of one electron at position z. 


The Dirac Propagator 


Calculating propagation amplitudes for the Dirac field is by now a straight- 
forward exercise: 


(ol valet a DOA 


. dp 1 —ip-{x— 
= (iĝ, vn [gh p y) (3.114) 


dp 1 s 


dp 1 , 
=- (iĝ +m Jinge. (3.115) 
( Jab (27)3 2Ep 


Just as we did for the Klein-Gordon equation, we can construct Green’s 
functions for the Dirac equation obeying various boundary conditions. For 
example, the retarded Green’s function is 


SR (2 — y) = A(x — y°) (0| {ya l2), Palu) } 10). (3.116) 
It is easy to verify that 
Srl£ — y) = (iĝ, +m)Dr(z-— y), (3.117) 
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since on the right-hand side the term involving 0)4(2° — y?) vanishes. Using 
(3.117) and the fact that Jĝ = 07, we see that Spr is a Green’s function of 
the Dirac operator: 


(if, — M) Srl — y) = 16 (£ — y) Vaya. (3.118) 


The Green’s function of the Dirac operator can also be found by Fourier 
transformation. Expanding Sr(z— y) as a Fourier integral and acting on both 
sides with (iĝ, — m), we find 


4 ~ 
i8(e— a) = [Sa me San), (3.119) 
and hence . . 
Sro) = —~— = tm (3.120) 


© pam Pam 
To obtain the retarded Green’s function, we must evaluate the p° integral in 
(3.120) along the contour shown on page 30. For x° > y? we close the contour 
below, picking up both poles to obtain the sum of (3.114) and (3.115). For 
2° < y? we close the contour above and get zero. 
The Green’s function with Feynman boundary conditions is defined by 
the contour shown on page 31: 


dtp ip +m) —ip (1—4 
Sp(x-y) = | om pe — mtie" paw) 


_ (Ol u(x)a(y) |0) for z? > y? (close contour below) 
~ |= 0] o(y)e(z) |0) for z? < y? (close contour above) 


= (0 Ty(x)o(y) |0), (3.121) 
where we have chosen to define the time-ordered product of spinor fields with 
an additional minus sign when the operators are interchanged. This minus 
sign is extremely important in the quantum field theory of fermions; we will 
meet it again in Section 4.7. 

As with the Klein-Gordon theory, the expression (3.121) for the Feynman 
propagator is the most useful result of this chapter. When we do perturbative 
calculations with Feynman diagrams, we will associate the factor Sr(p) with 
each internal fermion line. 
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3.6 Discrete Symmetries of the Dirac Theory 


In the last section we discussed the implementation of continuous Lorentz 
transformations on the Hilbert space of the Dirac theory. We found that for 
each transformation A there was a unitary operator U(A), which induced the 
correct transformation on the fields: 


U(A)d(a)U(A) = ATV (Az). (3.122) 


In this section we will discuss the analogous operators that implement various 
discrete symmetries on the Dirac field. 

In addition to continuous Lorentz transformations, there are two other 
spacetime operations that are potential symmetries of the Lagrangian: par- 
ity and time reversal. Parity, denoted by P, sends (t,x) > (t, —x), reversing 
the handedness of space. Time reversal, denoted by T, sends (t, x) > (-t,x), 
interchanging the forward and backward light-cones. Neither of these opera- 
tions can be achieved by a continuous Lorentz transformation starting from 
the identity. Both, however, preserve the Minkowski interval z? = t? — x2. In 
standard terminology, the continuous Lorentz transformations are referred to 
as the proper, orthochronous Lorentz group, Li. Then the full Lorentz group 
breaks up into four disconnected subsets, as shown below. 


Li £, L! = PL “orthochronous” 


rÍ {r 
Li = TL — L= PTL “nonorthochronous” 
P 


“proper” “improper” 


At the same time that we discuss P and T, it will be convenient to discuss a 
third (non-spacetime) discrete operation: charge conjugation, denoted by C. 
Under this operation, particles and antiparticles are interchanged. 

Although any relativistic field theory must be invariant under L}, it need 
not be invariant under P, T, or C. What is the status of these symmetry op- 
erations in the real world? From experiment, we know that three of the forces 
of Nature— the gravitational, electromagnetic, and strong interactions—are 
symmetric with respect to P, C, and T. The weak interactions violate C and 
P separately, but preserve CP and T. But certain rare processes (all so far 
observed involve neutral K mesons) also show CP and T violation. All obser- 
vations indicate that the combination CPT is a perfect symmetry of Nature. 

The currently accepted theoretical model of the weak interactions is the 
Glashow-Weinberg-Salam gauge theory, described in Chapter 20. This theory 
violates C and P in the strongest possible way. It is actually a surprise (though 
not quite an accident) that C and P happen to be quite good symmetries in the 
most readily observable processes. On the other hand, no one knows a really 
beautiful theory that violates CP. In the current theory, when there are three 
(or more) fermion generations, there is room for a parameter that, if nonzero, 
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causes CP violation. But the value of this parameter is no better understood 
than the value of the electron mass; the physical origin of CP violation remains 
a mystery. We will discuss this question further in Section 20.3. 


Parity 


With this introduction, let us now discuss the action of P, T, and C on Dirac 
particles and fields. First consider parity. The operator P should reverse the 
momentum of a particle without flipping its spin: 


p mirror 
—9— —9— 
— P — 


Mathematically, this means that P should be implemented by a unitary op- 
erator (properly called U(P), but we'll just call it P) which, for example, 
transforms the state af |0) into afp |0). In other words, we want 


Pas P= nap and PSP = mb p, (3.123) 


where 7, and 7 are possible phases. These phases are restricted by the con- 
dition that two applications of the parity operator should return observables 
to their original values. Since observables are built from an even number of 
fermion operators, this requires 777, nè = +1. 

Just as a continuous Lorentz transformation is implemented on the Dirac 
field as the 4 x 4 constant matri A , the parity transformation should also be 
represented by a 4 x 4 constant matrix. To find this matrix, and to determine 
na and m, we compute the action of P on y(x). Using (3.123), we have 


PY(e)P = J E 5 ae D (mp pje? + nf bshu°(p)e”*). (3.124) 


Now change variables to p = (p°,~p). Note that p: xz = p- (t,—x). Also 
p-c=p-6o and p-¢=p-c. This allows us to write 
yay (veer) 07x 
= = = = u ; 
“) va yra) 7”) 
vP $) = CZ Ox 
v ~ =— . 
= (Ce -ypg 7) 
So (3.124) becomes 


dp 1 s 8(x~\,—ip(t,-x 
POP = J ap pi (tsi ae 


— nbg v (peP), 
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This should equal some constant matrix times Y(t, —x), and indeed it works 
if we make në = —n. This implies 


NaN = Nan = —1. (3.125) 
Thus we have the parity transformation of (x) in its final form, 
Po(t,x)P = nyt, —x). (3.126) 


It will be very important (for example, in writing down Lagrangians) to 
know how the various Dirac field bilinears transform under parity. Recall that 
the five bilinears are 


bb, doth, dbf’), delta, ipa. (3.127) 
The factors of i have been chosen to make bl these quantities Hermitian, as 


you can easily verify. (Any new term that we add to a Lagrangian must be 
real.) First we should compute 


PU(t,x)P = Pyt (t,x) Pq? = (Pult,x)P)!49 = nid(t,—x)7". (3.128) 
Then the scalar bilinear transforms as 
PP = Inal’ (t, =x) P(t, —x) = +t, =x), (3.129) 


while for the vector we obtain 


= 5 wytp(t,-x) for p=0 
Pysty P = 0.40 t.— — HYY Y ’ ; 3.130 
Note that the vector acquires the same minus sign on the spatial components 
as does the vector z“. Similarly, the transformations of the pseudo-scalar and 
pseudo-vector are 


Pid PYP = bP PY v(t, —x) = iby u(t, —x); (3.131) 
— — ah 5 — 
PYP = pP Plt, —x) = { ies, for f - K 33, (8132) 


Just as we anticipated in Section 3.4, the “pseudo” signifies an extra mi- 
nus sign in the parity transformation. (The transformation properties of 
idly", y |v = 2bo"y are reserved for Problem 3.7.) Note that the transfor- 
mation properties of fermion bilinears were independent of na, so there would 
have been no loss of generality in setting hna = —n» = 1 from the beginning. 
However, the relative minus sign (3.125) between the parity transforma- 
tions of a fermion and an antifermion has important consequences. Consider 
a fermion-antifermion state, ast ost |0). Applying P, we find P(astost \0)) = 
— (asi bsd |0)}). Thus a state containing a fermion-antifermion pair gets an ex- 
tra (—1) under parity. This information is most useful in the context of bound 
states, in which the fermion and antifermion momenta are integrated with the 
Schrédinger wavefunction to produce a system localized in space. We consider 
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such states in detail in Section 5.3, but here we should remark that if the spa- 
tial wavefunction is symmetric under x — —x, the state has odd parity, while 
if it is antisymmetric under x — —x, the state has even parity. The L = 0 
bound states, for example, have odd parity; the J = 0 state transforms as a 
pseudo-sealar, while the three J = 1 states transform as the spatial compo- 
nents of a vector. These properties show up in selection rules for decays of 
positronium and quark-antiquark systems (see Problem 3.8). 


Time Reversal 


Now let us turn to the implementation of time reversal. We would like T to 
take the form of a unitary operator that sends ap to a-p (and similarly for 
bp) and Y(t, x) to y(—t,x) (times some constant matrix). These properties, 
however, are extremely difficult to achieve, since we saw above that sending 
ap to a-p instead sends (t, x) to (t, —x) in the expansion of 7. The difficulty is 
even more apparent when we impose the constraint that time reversal should 
be a symmetry of the free Dirac theory, [T, H] = 0. Then 


w(t, x) = eHty(x)je t 
=> Tyt, x) T = i7 [Ty T] e 
=> Ty(t,x)T |0) = e*t [Ty(x)T] |0), 


assuming that H |0) = 0. The right-hand side is a sum of negative-frequency 
terms only. But if T is to reverse the time dependence of Y(t, x), then the left- 
hand side is (up to a constant matrix) ¢(—t,x) |0) = e~*#'¢)(x) |0), which is 
a sum of positive-frequency terms. Thus we have proved that T cannot be 
implemented as a linear unitary operator. 

What can we do? The way out is to retain the unitarity condition Tt = 
T-t, but have T act on c-numbers as well as operators, as follows: 


T(c-number) = (c-number)*T. (3.133) 


Then even if |T, H] = 0, the time dependence of all exponential factors is 
reversed: Tet*#? = e~*#!7, Since all time evolution in quantum mechanics is 
performed with such exponential factors, this effectively changes the sign of t. 
Note that the operation of complex conjugation is nonlinear; T is referred to 
as an antilinear or antiunitary operator. 

In addition to reversing the momentum of a particle, T should also flip 
the spin: 


Jers 


To quantify this, we must find a mathematical operation that flips a spinor €. 

In the earlier parts of this chapter, we denoted the spin state of a fermion 
by a label s = 1,2. In the remainder of this section, we will associate s with 
the physical spin component of the fermion along a specific axis. If this axis 
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has polar coordinates 8,6, the two-component spinors with spin up and spin 
down along this axis are 


nhh  sto= (ng). 
Let £ = (€(f), €({)) for s = 1,2. Also define 
ES = —io?(€*)*. (3.134) 
This quantity is the flipped spinor; from the explicit formulae, 
E = (€(1), -€(1))- (3.135) 


The form of the spin reversal relation follows more generally from the identity 
oo” = 0*(—o*). This equation implies that, if € satisfies n- o£ = +E for some 


axis n, then 
(n: o)(—i0°€*) = —io*(—n- o)*E* = i0*(€*) = —(—i0€"). 


Notice that, with this convention for the spin flip, two successive spin flips 
return a spin to (—1) times the original state. 

We now associate the various fermion spin states with these spinors. The 
electron annihilation operator ap destroys an electron whose spinor u*(p) 
contains €*. The positron annihilation operator by, destroys a positron whose 
spinor v*(p) contains €°: 


s Vp a f* ) 
vy’ (p) = _ . 3.136 
ww) = (Me (3.136) 
As in Eq. (3.135), we define 
ap =(a5,—-a,), bf = (b2, —bh). (3.137) 


We can now work out the relation between the Dirac spinors u and v and 
their time reversals. Define = (p°,—p). This vector satisfies the identity 
Vp: 00? =a*,/p- a7; to prove this, expand the square root as in (3.49). For 
some choice of spin and momentum, associated with the Dirac spinor u‘(p), 
let u*(p) be the spinor with the reversed momentum and flipped spin. These 
quantities are related by 


win (ZZE) - (EZE 
=i (4 a) [u (p)]* = =r [u p. 
Similarly, for v°(p), 
0 (p) = -7 [o(p]; 


in this relation, v™ contains £09) = —€°, 
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Using the notation of Eq. (3.137), we define the time reversal transforma- 
tion of fermion annihilation operators as follows: 


Ta,T =a, TT = bp (3.138) 
(An additional overall phase would have no effect on the rest of our discussion 


and is omitted for simplicity.) Relations (3.138) allow us to compute the action 
of T on the fermion field y(x): 


MoT- [Beam nar (phe + batu" pe) 7 
= le a (a p)] ee + or [o° (p)]* e=) 
-cr EE a ru (pero 


+ btus aw) 
= (—7'7°)b(-t,x). (3.139) 


In the last step we used p- (t, -x) = —p- (—t, x). Just as for parity, we have 
derived a simple transformation law for the fermion field y(x). The relative 
minus sign in the transformation laws for particle and antiparticle is present 
here as well, implicit in the twice-flipped spinor in v 

Now we can check the action of T on the various bilinears. First we need 


— * t — 

TYT = (TYT PY = y(t, x) [=] 0 = Vt x) t] (3-140) 

Then the transformation of the scalar bilinear is 
TYY, KT = YP, x) = +l, x). (3.141) 
The pseudo-scalar acquires an extra minus sign when T goes through the 7: 
TIP Pur = (PPP (-1' Pv = ip V(t, x). 

For the vector, we must separately compute each of the four cases = 0, 1, 2, 3. 
After a bit of work you should find 


Toye = br PY rt Yd 
= +pytab(t, x) for p= 0; 142 
(oaa for u = 1,2,3. (3.142) 
Tbis is exactly the tranformation property we want for vectors such as the 


current density. You can verify that the pseudo-vector transforms in exactly 
the same way under time-reversal. 
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Charge Conjugation 


The last of the three discrete symmetries is the particle-antiparticle sym- 
metry C. There will be no problem in implementing C as a unitary linear 
operator. Charge conjugation is conventionally defined to take a fermion with 
a given spin orientation into an antifermion with the same spin orientation. 
Thus, a convenient choice for the transformation of fermion annibilation op- 
erators is 


CasC=bs;  Cb8C = a$. (3.143) 


Again, we ignore possible additional phases for simplicity. 
Next we want to work out the action of C on y(x). First we need a relation 
between v°(p) and u°(p). Using (3.136), and (3.134), 


y e /p- a (-io€") "o —ig? [p.o é* E 0 ig? [p+ o£ 
(p) = ren) ~ Gree) ~ (a Vaa] 
where € stands for €*. That is, 

u®(p) = —i7?(v°(P))", u° (p) = —i7 (u° (p). (3.144) 


If we substitute (3.144) into the expression for the fermion field operator, and 
then transform this operator with C, we find 


cule = fG pE ERO e -inap ue) 


= igy (a) = -iP T = iA. (3.145) 


Note that C is a linear unitary operator, even though it takes y — ọ*. 
Once again, we would like to know how C acts on fermion bilinears. First 
we need 


~ 


CH(a)C = CYC? = (~i p) = (=i. (3.146) 


Working out the transformations of bilinears is a bit tricky, and it helps to 
write in spinor indices. For the scalar, 


CHC = (-i PT iT = -beba eTa 
= Paie Vea Var hoeve = -PPP PPY (3.147) 
= +y. 


(The minus sign in the third step is from fermion anticommutation.) The 
pseudo-scalar is no more difficult: 


Cip yO = i(-i Pb) F ip = př. (3.148) 


We must do each component of the vector and pseudo-vector separately. Not- 
ing that 4° and 4? are symmetric matrices while y! and 7? are antisymmetric, 
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we eventually find 


Coyibe = py"; (3.149) 

CYC = tov. (3.150) 

Although the operator C interchanges y and w, it does not actually change 
the order of the creation and annihilation operators. Thus, if yw is defined 


to subtract the infinite constant noted above Eq. (3.113), this constant does 
not reappear in the process of conjugation by C. 


Summary of C, P, and T 


The transformation properties of the various fermion bilinears under C, P, and 
T are summarized in the table below. Here we use the shorthand (—1)" = 1 
for u = 0 and (—1)# = —1 for u = 1,2,3. 


vy ipy pyy pwy por On 
P + -1 (-1)#@ -(=1) (-1)4(-1)"  (=1)} 
T +1 =l (71) (-1)4 (-1)4(-1)” —(-1)* 
C. 41 41° -1 +1 -1 +1 
CPT +1 41 -1 -1 41 -1 


We have included the transformation properties of the tensor bilinear (see 
Problem 3.7), and also of the derivative operator. 

Notice first that the free Dirac Lagrangian Lo = (iyt, — m)y is in- 
variant under C, P, and T separately. We can build more general quantum 
systems that violate any of these symmetries by adding to Lo some pertur- 
bation 6£. But 6£ must be a Lorentz scalar, and the last line of the table 
shows that all Lorentz scalar combinations of y and 7 are invariant under the 
combined symmetry CPT. Actually, it is quite generally true that one cannot 
build a Lorentz-invariant quantum field theory with a Hermitian Hamiltonian 
that violates CPT.t 


Problems 
3.1 Lorentz group. Recall from Eq. (3.17) the Lorentz commutation relations, 
[JPY , JPO] = if gP JPI — ghP JYT — g9 JHP + gh? JP), 
(a) Define the generators of rotations and boosts as 


L? — Liik Jik, K? — J”, 


tThis theorem and the spin-statistics theorem are proved with great care in 
Streater and Wightman, op. cit. 
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where i, j,k = 1, 2,3. An infinitesimal Lorentz transformation can then be writ- 
ten 
® — (1-10-L-if-K)®. 


Write the commutation relations of these vector operators explicitly. (For exam- 
ple, [L*, LI] = iett LE.) Show that the combinations 


J, = 3(L+iK) and J- = }(L ~ iK) 


commute with one another and separately satisfy the commutation relations of 
angular momentum. 


(b) The finite-dimensional representations of the rotation group correspond precisely 
to the allowed values for angular momentum: integers or half-integers. The result 
of part (a) implies that all finite-dimensional representations of the Lorentz group 
correspond to pairs of integers or half integers, (j+, j—), corresponding to pairs of 
representations of the rotation group. Using the fact that J = ø /2 in the spin- 
1/2 representation of angular momentum, write explicitly the transformation 
laws of the 2-component objects transforming according to the (4, 0) and (0, 3) 
representations of the Lorentz group. Show that these correspond precisely to 
the transformations of =z and Yp given in (3.37). 


(c) The identity oT = —c?00? allows us to rewrite the wz, transformation in the 
unitarily equivalent form 


yl „y (1 | 10-5 +B-5), 


where 7)’ = wero. Using this law, we can represent the object that transforms 
as ($, 3) as a 2 x 2 matrix that has the Yg transformation law on the left and, 
simultaneously, the transposed yz, transformation on the right. Parametrize this 


matrix as 
vo+v3 vl iv? 
Vi+iv? yO-vs j’ 
Show that the object V” transforms as a 4-vector. 


3.2 Derive the Gordon identity, 


u(p')y"u(p) = alp’) k Ce" al u(p), 


2m 2m 
where q = (p' — p). We will put this formula to use in Chapter 6. 


3.3 Spinor products. (This problem, together with Problems 5.3 and 5.6, intro- 
duces an efficient computational method for processes involving massless particles.) 
Let kf}, ki’ be fixed 4-vectors satisfying k = 0, k? = —1, ko- kı = 0. Define basic 
spinors in the following way: Let uzo be the left-handed spinor for a fermion with 
momentum kg. Let uro = Kiuzo. Then, for any p such that p is lightlike (p? = 0), 


define 
1 1 


uz(p) = Ja Rg e™ and ur(p) = Jp R 


This set of conventions defines the phases of spinors unambiguously (except when p is 
parallel to ko). 


(a) Show that Kyupo = 0. Show that, for any lightlike p, yuz (p) = pur(p) = 0. 
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(b) For the choices ko = (E,0,0,-E), kı = (0,1,0, 0), construct Uzo, URO, ur (p), 
and up(p) explicitly. 


(c) Define the spinor products s(p1, p2) and t(p1, p2), for p1, p2 lightlike, by 


s(p1, p2) = Ur(pi)ur(p2),  t(p1, p2) = üz(pı)ur(p2)- 


Using the explicit forms for the w) given in part (b), compute the spinor products 


explicitly and show that t(p1, p2) = (s(p2,pi))” and s(p1,p2) = —8(p2,p1). In 
addition, show that 


2 
|s(p1,p2)|" = 2p1- pe. 
Thus the spinor products are the square roots of 4-vector dot products. 


3.4 Majorana fermions. Recall from Eq. (3.40) that one can write a relativistic 
equation for a massless 2-component fermion field that transforms as the upper two 
components of a Dirac spinor (Yz). Call such a 2-component field xalx), a = 1,2. 


(a) Show that it is possible to write an equation for x(x} as a massive field in the 
following way: 
ia ðx — imo? x" = 0. 


That is, show, first, that this equation is relativistically invariant and, second, 
that it implies the Klein-Gordon equation, (82 + m?)y = 0. This form of the 
fermion mass is called a Majorana mass term. 


(b) Does the Majorana equation follow from a Lagrangian? The mass term would 
seem to be the variation of (o? Jab XXK; however, since a? is antisymmetric, this 
expression would vanish if x(x) were an ordinary c-number field. When we go to 
quantum field theory, we know that x(x) will become an anticommuting quan- 
tum field. Therefore, it makes sense to develop its classical theory by considering 
x(x) as a classical anticommuting field, that is, as a field that takes as values 
Grassmann numbers which satisfy 


aß = —Ba for any a, 8. 


Note that this relation implies that a2 = 0. A Grassmann field E(x} can be 
expanded in a basis of functions as 


Elx) = y annl), 


where the @n(x) are orthogonal c-number functions and the an are a set of 
independent Grassmann numbers. Define the complex conjugate of a product of 
Grassmann numbers to reverse the order: 


This rule imitates the Hermitian conjugation of quantum fields. Show that the 
classical action, 


S= [ee [xtia -ðX + Tox - xto?x")], 


(where xt = (x*)7) is real ($* = £), and that varying this S with respect to x 
and * yields the Majorana equation. 
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(c) 


(d) 


(e) 
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Let us write a 4-component Dirac field as 


_ fv 
sa (22), 


and recall that the lower components of y transform in a way equivalent by a 
unitary transformation to the complex conjugate of the representation Yz. In 
this way, we can rewrite the 4-component Dirac field in terms of two 2-component 
spinors: 


br(t) = nal), — dr(a) = io? x3(2). 


Rewrite the Dirac Lagrangian in terms of xı and x2 and note the form of the 
mass term. 


Show that the action of part (c) has a global symmetry. Compute the divergences 
of the currents 


Je = xlary, JË = ylatyy — xbotye, 
for the theories of parts (b) and (c), respectively, and relate your results to the 
symmetries of these theories. Construct a theory of N free massive 2-component 
fermion fields with O(N) symmetry (that is, the symmetry of rotations in an 
N-dimensional space). 


Quantize the Majorana theory of parts (a) and (b). That is, promote x(x) to a 
quantum field satisfying the canonical anticommutation relation 


{xa(x), x}(y)} = 6256) (x y), 


construct a Hermitian Hamiltonian, and find a representation of the canonical 
commutation relations that diagonalizes the Hamiltonian in terms of a set of 
creation and annihilation operators. (Hint: Compare x(x) to the top two com- 
ponents of the quantized Dirac field.) 


Supersymmetry. It is possible to write field theories with continuous symme- 


tries linking fermions and bosons; such transformations are called supersymmetries. 


(a) 


(b) 


The simplest example of a supersymmetric field theory is the theory of a free 
complex boson and a free Weyl fermion, written in the form 


L= ð “3th + xlis - Oy + F*F. 


Here F is an auxiliary complex scalar field whose field equation is F = 0. Show 
that this Lagrangian is invariant (up to a total divergence) under the infinitesi- 
mal tranformation 

ôb = -iT o?x, 

8x = eF +0 -dbore*, 

6F = -icla - dy, 
where the parameter €a is a 2-component spinor of Grassmann numbers. 
Show that the term 


AL = [moF + timy oy] + (complex conjugate) 
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is also left invariant by the transformation given in part (a). Eliminate F from 
the complete Lagrangian £ + AL by solving its field equation, and show that 
the fermion and boson fields ¢ and y are given the same mass. 


(c) It is possible to write supersymmetric nonlinear field equations by adding cubic 
and higher-order terms to the Lagrangian. Show that the following rather general 
field theory, containing the field (¢;, xi), i = 1,...,n, is supersymmetric: 


L= ð ppi +xlið Ox, + FPF; 


Wie iW r ə ) 
+ | F; } ; ; c. |, 
( ap T 28600; 67 9 FS 
where W[¢] is an arbitrary function of the ¢;, called the superpotential. For the 
simple case n = 1 and W = gd /3, write out the field equations for ¢ and x 
(after elimination of F). 


3.6 Fierz transformations. Let u;, i = 1,...,4, be four 4-component Dirac 
spinors. In the text, we proved the Fierz rearrangement formulae (3.78) and (3.79). 
The first of these formulae can be written in 4-component notation as 


_ IŽ 147° _ 147°) 1+7 
ay ( > ) uaita > Ju = -ay ( 1 ) uation ( > Juz 


In fact, there are similar rearrangement formulae for any product 


(uru) (üL P us), 


where T4, TP are any of the 16 combinations of Dirac matrices listed in Section 3.4. 


(a) To begin, normalize the 16 matrices [4 to the convention 
tr[r4r?] = 464". 


This gives [4 = {1, 7°, i77,...}; write all 16 elements of this set. 
(b) Write the general Fierz identity as an equation 


(tT 4u2) (tg? ug) = 5 CAB an (aT ua) (Gigl Pua), 
C,D 


with unknown coefficients CAB, p. Using the completeness of the 16 T4 matri- 
ces, show that 
1 


CAB = 
CD= i 


tr[rCr4rPr? |, 
(c) Work out explicitly the Fierz transformation laws for the products (tug) (ti3ua) 
and (uiy ua (tz Yuta) 
3.7 This problem concerns the discrete symmetries P, C, and T. 
(a) Compute the transformation properties under P, C, and T of the antisymmetric 


tensor fermion bilinears, yot” y , with o#” = $[y#,7”]. This completes the table 
of the transformaticn properties of bilinears at the end of the chapter. 


(b) Let d(x) be a complex-valued Klein-Gordon field, such as we considered in Prob- 
lem 2.2. Find unitary operators P, C and an antiunitary operator T (all defined 
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(c) 
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in terns of their action on the annihilation operators ap and bp for the Klein- 
Gordon particles and antiparticles) that give the following tranformations of the 
Klein-Gordon field: 

P o(t,x) P = olt, —x); 


T o(t,x)T = ọ(—t,x); 
Colt, x)C = 0" (t,x). 

Find the transformation properties of the components of the current 
J! = i(grdh — OHG) 

under P, C, and T. 


Show that any Hermitian Lorentz-scalar local operator built from y(x), ọ(£), 
and their conjugates has CPT = +1. 


Bound states. Two spin-1/2 particles can combine to a state of total spin either 


0 or 1. The wavefunctions for these states are odd and even, respectively, under the 
interchange of the two spins. 


(a) 
(b) 


Use this information to compute the quantum numbers under P and C of all 
electron-positron bound states with S, P, or D wavefunctions. 


Since the electron-photon coupling is given by the Hamiltonian 


AH = [ee eA, jt, 


where j# is the electric current, electrodynamics is invariant to P and C if 
the components of the vector potential have the same P and C parity as the 
corresponding components of 7”. Show that this implies the following surprising 
fact: The spin-0 ground state of positronium can decay to 2 photons, but the 
spin-1 ground state must decay to 3 photons. Find the selection rules for the 
annihilation of higher positronium states, and for 1-photon transitions between 
positronium levels. 


Chapter 4 


Interacting Fields and Feynman Diagrams 


4.1 Perturbation Theory—Philosophy and Examples 


We have now discussed in some detail the quantization of two free field theories 
that give approximate descriptions of many of the particles found in Nature. 
Up to this point, however, free-particle states have been eigenstates of the 
Hamiltonian; we have seen no interactions and no scattering. In order to obtain 
a closer description of the real world, we must include new, nonlinear terms 
in the Hamiltonian (or Lagrangian) that will couple different Fourier modes 
(and the particles that occupy them) to one another. To preserve causality, 
we insist that the new terms may involve only products of fields at the same 
spacetime point: [d(x)]* is fine, but ¢(x)(y) is not allowed. Thus the terms 
describing the interactions will be of the form 


Hin = [ee Hint [O(a)] = - f èx Lin [O(2)]. 


For now we restrict ourselves to theories in which Hint (= —Lint) is a function 
only of the fields, not of their derivatives. 

In this chapter we will discuss three important examples of interacting 
field theories. The first is “phi-fourth” theory, 


1 1 a 
L= 5 Oud)” - ge - a? (4.1) 


where is a dimensionless coupling constant. (A ¢° interaction would be a bit 
simpler, but then the energy would not be positive-definite unless we added 
a higher even power of ¢ as well.) Although we are introducing this theory 
now for purely pedagogical reasons (since it is the simplest of all interacting 
quantum theories), models of the real world do contain ¢* interactions; the 
most important example in particle physics is the self-interaction of the Higgs 
field in the standard electroweak theory. In Part II, we will see that ¢* theory 
also arises in statistical mechanics. The equation of motion for 4+ theory is 


(P + m?)p = S63, (4.2) 
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which cannot be solved by Fourier analysis as the free Klein-Gordon equation 
could. In the quantum theory we impose the equal-time commutation relations 


[o(x), r(y)] = 16 (x — y), 


which are unaffected by Lint. (Note, however, that if Lint contained 0,,¢, the 
definition of m(x) would change.) It is an easy exercise to write down the 
Hamiltonian of this theory and find the Heisenberg equation of motion for 
the operator ġ(x); the result is the same as the classical equation of motion 
(4.2), just as it was in the free theory. 

Our second example of an interacting field theory will be Quantum Elec- 
trodynamics: 


LQED = Lpirac + LMaxwell + Lint 
= plig ~~ my ~~ + (Fu)? ~~ epy pA, 


where A, is the electromagnetic vector potential, Fav = ð A, — O Áp is the 
electromagnetic field tensor, and e = —|e| is the electron charge. (To describe 
a fermion of charge Q, replace e with Q. If we wish to consider several species 
of charged particles at once, we simply duplicate Lpyac and Lint for each 
additional species.) That such a simple Lagrangian can account for nearly 
all observed phenomena from macroscopic scales down to 107° cm is rather 
astonishing. In fact, the QED Lagrangian can be written even more simply: 


Lop = v(iD — myy — F (Fi), (4.4) 


where D, is the gauge covariant derivative, 


(4.3) 


D,, = O, + teAp (£). (4.5) 


A crucial property of the QED Lagrangian is that it is invariant under the 
gauge transformation 


. 1 
ylz) > emye), A, >Å,- znale), (4.6) 


which is realized on the Dirac field as a local phase rotation. This invariance 
under local phase rotations has a fundamental geometrical significance, which 
motivates the term covariant derivative. For our present purposes, though, it 
is sufficient just to recognize (4.6) as a symmetry of the theory. 

The equations of motion follow from (4.3) by the canonical procedure. 
The Euler-Lagrange equation for 7 is 


(iD — myx) =0, (4.7) 


which is just the Dirac equation coupled to the electromagnetic field by the 
minimal coupling prescription, 0 —> D. The Euler-Lagrange equation for A, 
is 


0, FH = ery’ = ej”. (4.8) 
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These are the inhomogeneous Maxwell equations, with the current. density 
j” = wy’ given by the conserved Dirac vector current (3.73). As with ¢* 
theory, the equations of motion can also be obtained as the Heisenberg equa- 
tions of motion for the operators w(x) and A,,(x). This is easy to verify for 
w(x); we have not yet discussed the quantization of the electromagnetic field. 

In fact, we will not discuss canonical quantization of the electromagnetic 
field at all in this book. It is an awkward subject, essentially because of gauge 
invariance. Note that since Å? does not appear in the Lagrangian (4.3), the 
momentum conjugate to A? is identically zero. This contradicts the canonical 
commutation relation [A°(x),7°(y)] = i6(x — y). One solution is to quan- 
tize in Coulomb gauge, where V- A = 0 and A® is a constrained, rather than 
dynamical, variable; but then manifest Lorentz invariance is sacrificed. Alter- 
natively, one can quantize the field in Lorentz gauge, 0,,A” = 0. It is then 
possible to modify the Lagrangian, adding an À? term. One obtains the com- 
mutation relations [A“(x), A’(y)] = —ig!”6(x — y), essentially the same as 
four Klein-Gordon fields. But the extra minus sign in [A°, A°] leads to another 
(surmountable) difficulty: states created by av have negative norm.* 

The Feynman rules for calculating scattering amplitudes that involve pho- 
tons are derived more easily in the functional integral formulation of field the- 
ory, to be discussed in Chapter 9. That method has the added advantage of 
generalizing readily to the case of non-Abelian gauge fields, as we will see 
in Part III. In the present chapter we will simply guess the Feynman rules 
for photons. This will actually be quite easy after we derive the rules for an 
analogous but simpler theory, Yukawa theory: 


LYukawa = LDirac + LKlein-Gordon = gypo. (4.9) 


This will be our third example. It is similar to QED, but with the photon 
replaced by a scalar particle ¢. The interaction term contains a dimensionless 
coupling constant g, analogous to the electron charge e. Yukawa originally 
invented this theory to describe nucleons (w) and pions (¢). In modern particle 
theory, the Standard Model contains Yukawa interaction terms coupling the 
scalar Higgs field to quarks and leptons; most of the free parameters in the 
Standard Model are Yukawa coupling constants. 

Having written down our three paradigm interactions, let us pause a mo- 
ment to discuss what other interactions could be found in Nature. At first it 
might seem that the list would be infinite; even for a scalar theory we could 
write down interactions of the form ¢” for any n. But remarkably, one simple 
and reasonable axiom eliminates all but a few of the possible interactions. That 
axiom is that the theory be renormalizable, and it arises as follows. Higher- 
order terms in perturbation theory, as mentioned in Chapter 1, will involve 


*Excellent treatments of both quantization procedures are readily available. For 
Coulomb gauge quantization, see Bjorken and Drell (1965), Chapter 14; for Lorentz 
gauge quantization, see Mandl and Shaw (1984), Chapter 5. 
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integrals over the 4-momenta of intermediate (“virtual”) particles. These in- 
tegrals are often formally divergent, and it is generally necessary to impose 
some form of cut-off procedure; the simplest is just to cut off the integral at 
some large but finite momentum A. At the end of the calculation one takes 
the limit A — oo, and hopes that physical quantities turn out to be indepen- 
dent of A. If this is indeed the case, the theory is said to be renormalizable. 
Suppose, however, that the theory includes interactions whose coupling con- 
stants have the dimensions of mass to some negative power. Then to obtain 
a dimensionless scattering amplitude, this coupling constant must be multi- 
plied by some quantity of positive mass dimension, and it turns out that this 
quantity is none other than A. Such a term diverges as A — 00, so the theory 
is not renormalizable. 

We will discuss these matters in detail in Chapter 10. For now we merely 
note that any theory containing a coupling constant with negative mass di- 
mension is not renormalizable. A bit of dimensional analysis then allows us to 
throw out nearly all candidate interactions. Since the action S = f Ld‘z is 
dimensionless, £ must have dimension (mass)* (or simply dimension 4). From 
the kinetic terms of the various free Lagrangians, we note that the scalar and 
vector fields ¢ and A” have dimension 1, while the spinor field 7) has dimension 
3/2. We can now tabulate all of the allowed renormalizable interactions. 

For theories involving only scalars, the allowed interaction terms are 


po? and Agt. 


The coupling constant u has dimension 1, while A is dimensionless. Terms of 
the form ¢” for n > 4 are not allowed, since their coupling constants would 
have dimension 4 —n. Of course, more interesting theories can be obtained by 
including several scalar fields, real or complex (see Problem 4.3). 

Next we can add spinor fields. Spinor selfinteractions are not allowed, 
since Y? (besides violating Lorentz invariance) already has dimension 9/2. 
Thus the only allowable new interaction is the Yukawa term, 


goyo, 


although similar interactions can also be constructed out of Weyl and Majo- 
rana spinors. 

When we add vector fields, many new interactions are possible. The most 
familiar is the vector-spinor interaction of QED, 


epy pAn. 


Again it is easy to construct similar terms out of Weyl and Majorana spinors. 
Less important is the scalar QED Lagrangian, 


L=|D,o|? — m?o}, which contains eA"¢0,¢", e?|¢|? A”. 


This is our first example of a derivative interaction; quantization of this theory 
will be much easier with the functional integral formalism, so we postpone its 
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discussion until Chapter 9. Other possible Lorentz-invariant terms involving 
vectors are 
A?(0,A") and A‘. 


Although it is far from obvious, these terms lead to inconsistencies unless 
their coupling constants are precisely chosen on the basis of a special type of 
symmetry, which must involve several vector fields. This symmetry underlies 
the non-Abelian gauge theories, which will be the main subject of Part III. A 
mass term $m? A? for vector fields is also inconsistent, except in the special 
case where it is added to QED; in any case, it breaks (Abelian or non-Abelian) 
gauge invariance. 

This exhausts the list of possible Lagrangians involving scalar, spinor, and 
vector particles. It is interesting to note that the currently accepted models 
of the strong, weak, and electromagnetic interactions include all of the types 
of interactions listed above. The three paradigm interactions to be studied in 
this chapter cover nearly half of the possibilities; we will study the others in 
detail later in this book. 

The assumption that realistic theories must be renormalizable is cer- 
tainly convenient, since a nonrenormalizable theory would have little pre- 
dictive power. However, one might still ask why Nature has been so kind as to 
use only renormalizable interactions. One might have expected that the true 
theory of Nature would be a quantum theory of a much more general type. 
But it can be shown that, however complicated a fundamental theory appears 
at very high energies, the low-energy approximation to this theory that we 
see in experiments should be a renormalizable quantum field theory. We will 
demonstrate this in Section 12.1. 

At a more practical level, the preceding analysis highlights a great dif- 
ference in methodology between nonrelativistic quantum mechanics and rela- 
tivistic quantum field theory. Since the potential V(r) that appears in the 
Schrödinger equation is completely arbitrary, nonrelativistic quantum me- 
chanics puts no limits on what interactions can be found in the real world. But 
we have just seen that quantum field theory imposes very tight constraints 
on Nature (or vice versa). Taken literally, our discussion implies that the only 
tasks left for particle physicists are to enumerate the elementary particles that 
exist and to measure their masses and coupling constants. While this view- 
point is perhaps overly arrogant, the fact that it is even thinkable is surely 
a sign that particle physicists are on the right track toward a fundamental 
theory. 

Given a set of particles and couplings, we must still work out the ex- 
perimental consequences. How do we analyze the quantum mechanics of an 
interacting field theory? It would be nice if we could explicitly solve at least 
a few examples (that is, find the exact eigenvalues and eigenvectors as we did 
for the free theories) to get a feel for the properties of interacting theories. 
Unfortunately, this is easier said than done. No exactly solvable interacting 
field theories are known in more than two spacetime dimensions, and even 
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there the solvable models involve special symmetries and considerable tech- 
nical complication.” Studying these theories would be interesting, but hardly 
worth the effort at this stage. Instead we will fall back on a much simpler and 
more generally applicable approach: Treat the interaction term Hint as a per- 
turbation, compute its effects as far in perturbation theory as is practicable, 
and hope that the coupling constant is small enough that this gives a reason- 
able approximation to the exact answer. In fact, the perturbation series we 
obtain will turn out to be very simple in structure; through the use of Feyn- 
man diagrams it will be possible at least to visualize the effects of interactions 
to arbitrarily high order. 

This simplification of the perturbation series for relativistic field theories 
was the great advance of Tomonaga, Schwinger, and Feynman. To achieve 
this simplification, each, independently, found a way to reformulate quan- 
tum mechanics to remove the special role of time, and then applied his new 
viewpoint to recast each term of the perturbation expansion as a spacetime 
process. We will develop quantum field theory from a spacetime viewpoint, us- 
ing Feynman’s method of functional integration, in Chapter 9. In the present 
chapter we follow a more pedestrian line of analysis, first developed by Dyson, 
to derive the spacetime picture of perturbation theory from the conventional 
machinery of quantum mechanics.! 


4.2 Perturbation Expansion of Correlation Functions 


Let us then begin the study of perturbation theory for interacting fields, aim- 
ing toward a formalism that will allow us to visualize the perturbation series 
as spacetime processes. Although we will not need to reformulate quantum 
mechanics, we will rederive time-dependent perturbation theory in a form 
that is convenient for our purposes. Ultimately, of course, we want to calcu- 
late scattering cross sections and decay rates. For now, however, let us be less 
ambitious and try to calculate a simpler (but more abstract) quantity, the 
two-point correlation function, or two-point Green’s function, 


(Q| T6(a)o(y) |), (4.10) 


in ¢* theory. We introduce the notation |Q) to denote the ground state of the 
interacting theory, which is generally different from |0), the ground state of 
the free theory. The time-ordering symbol T is inserted for later convenience. 
The correlation function can be interpreted physically as the amplitude for 
propagation of a particle or excitation between y and x. In the free theory, it 


+A brief survey of exactly solvable quantum field theories is given in the Epilogue. 


tFor a historical account of the contributions of Tomonaga, Schwinger, Feynman, 
and Dyson, see Schweber (1994). 
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is simply the Feynman propagator: 
dip je tp (ey) 


(O| T6(2)O(Y) 10) free = Dr(e — y) = (2T) p? m? Fic 


(4.11) 


We would like to know how this expression changes in the interacting the- 
ory. Once we have analyzed the two-point correlation function, it will be easy 
to generalize our results to higher correlation functions in which more than 
two field operators appear. In Sections 4.3 and 4.4 we will continue the anal- 
ysis of correlation functions, eventually developing the formalism of Feynman 
diagrams for evaluating them perturbatively. Then in Sections 4.5 and 4.6 
we will learn how to calculate cross sections and decay rates using the same 
techniques. 
To attack this problem, we write the Hamiltonian of ¢* theory as 


A 
H = Ho + Hint = HKìlein-Gordon + fhr a? ©). (4.12) 


We want an expression for the two-point correlation function (4.10) as a power 
series in A. The interaction Hamiltonian Hint enters (4.10) in two places: first, 
in the definition of the Heisenberg field, 


plz) = eT o(xe (4.13) 


and second, in the definition of |). We must express both (x) and |Q) in 
terms of quantities we know how to manipulate: free field operators and the 
free theory vacuum |0). 

It is easiest to begin with (x). At any fixed time tọ, we can of course 
expand ¢ as before in terms of ladder operators: 


dp 1 . . 
t , _ ip-x + t .-ip-x . 
atto.2) = f (on)? ae (r*+ ape”) 


Then to obtain ø(t, x) for t A to, we just switch to the Heisenberg picture as 
usual: 


olt, x) = EMO) A(t, xe ME), 
For A= 0, H becomes Ho and this reduces to 
P(t, x)| ao = CT) (tg, xe MO) = & (t,x). (4.14) 


When A is small, this expression will still give the most important part of 
the time dependence of ¢(x), and thus it is convenient to give this quantity 
a name: the interaction picture field, 6,(t,x). Since we can diagonalize Ho, it 
is easy to construct ¢, explicitly: 


" By 1 a ; 
t — - ipt {f pip-@ 
, (t,x) J Or) 2E, (ape + aye ) 


This is just the familiar expression for the free field from Chapter 2. 


(4.15) 


x’—=t— to 
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The problem now is to express the full Heisenberg field ¢ in terms of @,. 
Formally, it is just 


a(t, x) — etH (tto) eiHolt-to) G (t, x)etMo(t—to) et (t—to) 


(4.16) 
= UÏ (t, to)ġ, (t, x)U (t, to), 
where we have defined the unitary operator 
U(t, to) = eb ott) eH (t—to), (4.17) 


known as the interaction picture propagator or time-evolution operator. We 
would like to express U(t,to) entirely in terms of ¢,, for which we have an 
explicit expression in terms of ladder operators. To do this, we note that 
U(t, to) is the unique solution, with initial condition U (tọ, to) = 1, of a simple 
differential equation (the Schrédinger equation): 


i< UU to) = -to (H — Hy) e Eto) 


= etHolt-to) (Hine Cto) 
— eifto(t- t) (Hint )e —iHo(t—to) .tHo(t—to) p—tH (t—to) 
= H;(t) U(t, to), (4.18) 
where 
Hy(t) = eo) (Hilo ol) = Jei ioi (4.19) 


is the interaction Hamiltonian written in the interaction picture. The so- 
lution of this differential equation for U(t,tọo) should look something like 
U ~ exp(—iHyt); this would be our desired formula for U in terms of @,. 
Doing it more carefully, we will show that the actual solution is the following 
power series in A: 


t t ty 
U(t, to) = 1+ (—i) J” H;( (t1) + (i)? fan fat Hr(tı)Hr(t2) 
to to 


(4.20) 


t ti 
cat fan far fas Hr(tı)Hr(t2)Hr(t3) + 


To verify this, just differentiate: Each term gives the previous one times 
—iHņr(t). The initial condition U(t, to) = 1 for t = to is obviously satisfied. 
Note that the various factors of Hyr in (4.20) stand in time order, later 
on the left. This allows us to simplify the expression considerably, using the 
time-ordering symbol T. The H? term, for example, can be written 


Ja Jesa tı) )Hr( t2) -3 fa [us T{H;( (1) )Ar( (t2 )}. (4.21) 
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t t 
to covers entire 
A je fa square 

to to 


' 


t ti 
<— fat [ats 
to to 


covers only 
lower triangle 


to 


t | ai ty 
to t 


Figure 4.1. Geometric interpretation of Eq. (4.21). 


The double integral on the right-hand side just counts everything twice, since 
in the ¢jtz-plane, the integrand T{H;(t,)H7(t2)} is symmetric about. the line 
t = te (see Fig. 4.1). 

A similar identity holds for the higher terms: 


tn-1 


fos fr Jt Hy(t1) +++ Hy(tn) = aja -dtn T{Hr(ti)  Hrlta) }. 


This case is a little harder to visualize, but it is not hard to convince oneself 
that it is true. Using this identity, we can now write U(t, ty) in an extremely 
compact form: 


U(t, to) =] + (-i) fat Hy (ty) + D fas dty T{H1(ti) Hr (tz) } + 


to to 


= T{ exp [i fw H,(t)| \ (4.22) 


where the time-ordering of the exponential is just defined as the Taylor series 
with each term time-ordered. When we do real computations we will keep 
only the first few terms of the series; the time-ordered exponential is just a 
compact way of writing and remembering the correct expression. 

We now have control over ¢(t¢, x); we have written it entirely in terms of 
$, as desired. Before moving on to consider |Q), however, it is convenient to 
generalize the definition of U, allowing its second argument to take on values 
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other than our “reference time” to. The correct definition is quite natural: 


t 
U (t,t) = rfep|-i fw men). (t >t’) (4.23) 
t 
Several properties follow from this definition, and it is necessary to verify 
them. First, U(t, t’) satisfies the same differential equation (4.18), 
i—U (t, t) = H (HU (t,t), (4.24) 


but now with the initial condition U = 1 for t = t’. From this equation you 
can show that 


U(t, t’) = ei Holt toe iH(t te iHo(t' to) (4.25) 


which proves that U is unitary. Finally, U (t, t’) satisfies the following identities 
(for ti > te > tg): 
U (t1, t2)U (to, t3) = U (t1, t3); 
U (ti, ts) [U (ta, ta)]' = U(t, t2). 


Now we can go on to discuss |Q). Since |Q} is the ground state of H, 
we can isolate it by the following procedure. Imagine starting with |0), the 
ground state of Ho, and evolving through time with H: 


eT Ig) = eT In) (n]0), 


(4.26) 


where En are the eigenvalues of H. We must assume that |Q) has some overlap 
with |0), that is, (Q|0) 4 0 (if this were not the case, Hr would in no sense be 
a small perturbation). Then the above series contains |Q), and we can write 


eT j0) = e FOP 102) (910) + Soe"? In) (nO) , 
nÆ0 
where Fo = (Q| H |Q). (The zero of energy will be defined by Ho |0} = 0.) 
Since En > Eo for all n 4 0, we can get rid of all the n Æ 0 terms in the series 
by sending T to œ in a slightly imaginary direction: T — oo(1 — ie). Then 
the exponential factor e~*“T dies slowest for n = 0, and we have 


IQ) = lim (eT (Q)0)) eT 0) . (4.27) 


T—+00(1- ie) 


Since T is now very large, we can shift it by a small constant: 
_ : —iEo(T+to) -1 —iH(T+to) 
2) = lim (e (910))*e 0) 
lim (e= Eto- (T) (9| 0)) e tH (to~(—T)) o-tHo(—T—to) \0) 


T—00(1- ie) 


= lim (e~#olto~(-7)) (00) U (to, -T) 10). (4.28) 


T-+00(1- ie) 
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In the second line we have used Hp |0} = 0. Ignoring the c-number factor in 
front, this expression tells us that we can get |Q) by simply evolving |0} from 
time —T to time tọ with the operator U. Similarly, we can express (Q| as 
(Q| = lim (0| U(T, to) (e*2(F 0) (9, Q)) 7. (4.29) 
T ) 


—oo(1- ie 
Let us put together the pieces of the two-point correlation function. For 
the moment, assume that 2° > y? > to. Then 


(Q| d(x) o(y) |Q) lim (eT) (QQ) * (OL U(T, to) 


T—00(1-ie) 


x [U (a, to)] p, (2)U (2°, to) [U(y°, to)] to, (WU W? to) 
x U(to, —T) |0) (eo) (Q) 0)) * 
fim (0 IQ) Pe tBoer)) 


x (0]U(T, 2°) 9, (x)U(a°, y°)@,(yU(y?, T) |0) . (4.30) 


This is starting to look simple, except for the awkward factor in front. To get 
rid of it, divide by 1 in the form 


1 = (2/2) = (K019) [eC (0 U(T, to)U (to, =T) |0) . 
Then our formula, still for 2° > y°, becomes 


y, UCT, 2°) 9g, (x)U (2°, y°) 6, (yU(y®, —T) 0) 
Olley) 9) = hm OLUT, —T) 0) 


Now note that all fields on both sides of this expression are in time order. If 
we had considered the case y > g? this would still be true. Thus we arrive 
at our final expression, now valid for any x° and y®: 


(0| 74 6,(x)o,(y) exp[—é f7. dt H,(t)] } 10) 
QITAY) = lim { . >l amw) 
sio 7Lexp [=i ff at H,(t)] +0) 


(4.31) 
The virtue of considering the time-ordered product is clear: It allows us to 
put everything inside one large T-operator. A similar formula holds for higher 
correlation functions of arbitrarily many fields; for each extra factor of o on 
the left, put an extra factor of ¢, on the right. So far this expression is exact. 
But it is ideally suited to doing perturbative calculations; we need only retain 
as many terms as desired in the Taylor series expansions of the exponentials. 
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4.3 Wick’s Theorem 


We have now reduced the problem of calculating correlation functions to that 
of evaluating expressions of the form 


(OIT {p (1), (@2) ++ b,(an)} 10), 


that is, vacuum expectation values of time-ordered products of finite (but 
arbitrary) numbers of free field operators. For n = 2 this expression is just 
the Feynman propagator. For higher n you could evaluate this object by brute 
force, plugging in the expansion of ¢, in terms of ladder operators. In this 
section and the next, however, we will see how to simplify such calculations 
immensely. 

Consider again the case of two fields, (0| T{¢,(x)¢,(y)}|0). We already 
know how to calculate this quantity, but now we would like to rewrite it in 
a form that is easy to evaluate and also generalizes to the case of more than 
two fields. To do this we first decompose ¢,(x) into positive- and negative- 
frequency parts: 


$,(&) = $7 (2) + $r (2), (4.32) 


dp 1 -—ip-x — dp 1 ip-r 
ros Jgppre noj Lets, 


P AE, 
This decomposition can be done for any free field. It is useful because 
éf(x)|(0)=0 and (0| 6; (x) = 0. 


0 


For example, consider the case z? > y. The time-ordered product of two 


fields is then 
To (2)p (Y) = piet (y) + OF (@) G7 (y) + 7 (otlu) + 67 leor (y) 


= OF ()O7 (y) + orot lE) + oF (@) OF (y) + 67 (@) 67 Y) 
+ [07 (2), r (y)]- (4.33) 


In every term except the commutator, all the ap’s are to the right of all the 
a} ’s. Such a term (e.g., ab alapa) is said to be in normal order, and has 
vanishing vacuum expectation value. Let us also define the normal ordering 
symbol N() to place whatever operators it contains in normal order, for ex- 
ample, 

N (apal aq) = al apag. (4.34) 


The order of ap and aq on the right-hand side makes no difference since they 
commute.* 


*In the literature one often sees the notation :¢1¢2: instead of N(d1 o2). 
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If we had instead considered the case y? > «2°, we would get the same four 
normal-ordered terms as in (4.33), but this time the final commutator would 
be [47 (y), oF (x)]. Let us therefore define one more quantity, the contraction 
of two fields, as follows: 


_ fle), e)] for z? > y; 
o(x)o(y) = { [ot (y), o (2) for y? > 7, (4.35) 
This quantity is exactly the Feynman propagator: 
TT] 
$(2)o(y) = Dr(x — y). (4.36) 


(From here on we will often drop the subscript I for convenience; contractions 
will always involve interaction-picture fields.) 
The relation between time-ordering and normal-ordering is now extremely 


simple to express, at least for two fields: 
7 


T{H(x)O(y)} = N{ (x) oy) + ole). (4.37) 
But now that we have all this new notation, the generalization to arbitrarily 
many fields is also easy to write down: 


T{6(21)6(x2) uo (tm) } 


(4.38) 
= N{6(x1)6(22) +++ @(@m) + all possible contractions}. 


This identity is known as Wick’s theorem, and we will prove it in a moment. 
For m = 2 it is identical to (4.37). The phrase all possible contractions means 
there will be one term for each possible way of contracting the m fields in 
pairs. Thus for m = 4 we have (writing ¢(2,.) as Qa for brevity) 


m ~ í ) 
T{¢id2¢3¢4} = N{01020304 + 612034 + $1Q20304 + 012034 


M 
+ bidodeba + brdodads + P1020304 (4.39) 


] mm [m] 
+ $1¢26364 + o1¢2b3b4 + 91203014}. 
When the contraction symbol connects two operators that are not adjacent, 
we still define it to give a factor of Dp. For example, 


Td 
N{¢1¢2¢3¢4} means Dr(a1— z3). N{ b04}. 
In the vacuum expectation value of (4.39), any term in which there remain 
uncontracted operators gives zero (since (0| N (any operator) |0} = 0). Only 
the three fully contracted terms in the last line survive, and they are all c- 
numbers, so we have 
(0|T{¢1¢2¢364} |0) = De(z1ı — #2)Dp (23 — x4) 
+ Dp(a1 — z3)Dr (£2 — £4) (4.40) 
+ Dp(zı — z4) Dp(z2 — £3). 
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Now let us prove Wick’s theorem. Naturally the proof is by induction 
on m, the number of fields. We have already proved the case m = 2. So 
assume the theorem is true for m — 1 fields, and let’s try to prove it for 
m fields. Without loss of generality, we can restrict ourselves to the case 
z? > x8 >---2° ; if this is not the case we can just relabel the points, without 
affecting either side of (4.38). Then applying Wick’s theorem to $2---¢m, we 
have 


Tipi bm} =p On 
all contractions 
=A N{oa Om + (aa involving $1 ) } 


= (6+ +45) n{os bin + ( all contractions ) Jaan) 


not involving ¢ı 


We want to move the ¢j and ¢ inside the N{}. For the Į term this is easy: 
Just move it in, since (being on the left) it is already in normal order. The 
term with ¢/ must be put in normal order by commuting it to the right past 
all the other ¢’s. Consider, for example, the term with no contractions: 


PTN (b2: Pm) =N (p2 bm) OF + [OF, N(b2---bm)] 


= N(¢{ p2 dm) 
+N (lot, 3l Om + blot, zla dm + °°") 


cl ~ 
= N(¢} p2: Om +1203: Om + pipz H). 


The first term in the last line combines with part of the ¢; term from (4.41) to 
give N{¢1¢2--+ dm}, so we now have the first term on the right-hand side of 
Wick’s theorem, as well as all possible terms involving a single contraction of 
ġı with another field. Similarly, a term in (4.41) involving one contraction will 
produce all possible terms involving both that contraction and a contraction 
of ¢; with one of the other fields. Doing this with all the terms of (4.41), we 
eventually get all possible contractions of all the fields, including ¢,. Thus the 
induction step is complete, and Wick’s theorem is proved. 


4.4 Feynman Diagrams 
Wick’s theorem allows us to turn any expression of the form 


into a sum of products of Feynman propagators. Now we are ready to develop 
a diagrammatic interpretation of such expressions. Consider first the case of 
four fields, all at different spacetime points, which we worked out in Eq. (4.40). 
Let us represent each of the points zı through z4 by a dot, and each factor 
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Dp(z-— y) by a line joining z to y. Then Eq. (4.40) can be represented as the 
sum of three diagrams (called Feynman diagrams): 


1 2 1 2 1 2 
(0| T{¢1¢2¢34 } |0) = + + >< (4.42) 
3 4 3 4 3 4 


Although this isn’t exactly a measurable quantity, the diagrams do suggest an 
interpretation: Particles are created at two spacetime points, each propagates 
to one of the other points, and then they are annihilated. This can happen in 
three ways, corresponding to the three ways to connect the points in pairs, as 
shown in the three diagrams. The total amplitude for the process is the sum 
of the three diagrams. 

Things get more interesting when the expression contains more than one 
field at the same spacetime point. So let us now return to the evaluation of 
the two-point function (Q| T{¢(z)¢ly)} |Q), and put formula (4.31) to use. We 
will ignore the denominator until the very end of this section. The numerator, 
with the exponential expanded as a power series, is 


Tfaa) + oo i famo] +S). (4.48) 


The first term gives the free-field result, (0| T{4(x)(y)} |0) = Dr(x— y). The 
second term, in ¢* theory, is 


17 focow d fa [are o"} (0 
= ol {oxo (=P) [azo ooo} o. 


Now apply Wick’s theorem. We get one term for every way of contracting the 
six @ operators with each other in pairs. There are 15 ways to do this, but 
(fortunately) only two of them are really different. If we contract @(x) with 
o(y), then there are three ways to contract the four ¢(z)’s with each other, 
and all three give identical expressions. The other possibility is to contract 
(x) with one of the ¢(z)’s (four choices), ¢(y) with one of the others (three 
choices), and the remaining two ¢(z)’s with each other (one choice). There 
are twelve ways to do this, and all give identical expressions. Thus we have 


orfan i far [ate Fo" 0 
=3. (<A) Dele) [aizDele- )De(=~ 2) (4.44) 


+12- (>) [azdete — z)Dp(y —z)Dr(z- 2). 
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We can understand this expression better if we represent each term as a 
Feynman diagram. Again we draw each contraction Dp as a line, and each 
point as a dot. But this time we must distinguish between the “external” 
points, x and y, and the “internal” point z; each internal point is associated 
with a factor of (—id) f dtz. We will worry about the constant factors in a 
moment. Using these rules, we see that the above expression (4.44) is equal 
to the sum of two diagrams: 


x 


Y £ z y 


We refer to the lines in these diagrams as propagators, since they represent the 
propagation amplitude Dp. Internal points, where four lines meet, are called 
vertices. Since Dp (x — y) is the amplitude for a free Klein-Gordon particle 
to propagate between x and y, the diagrams actually interpret the analytic 
formula as a process of particle creation, propagation, and annihilation which 
takes place in spacetime. 

Now let’s try a more complicated contraction, from the à? term in the 
expansion of the correlation function: 


| 1 I 1 
(0| d(a)d(y) A(T) fate ood Stw oto Jiu booed |0) 


1 
T3 


(=) [aizatwatu Dr(a- 2)Dp(2~ 2)De(2 — w) 
x Dr(w — y)Dp(w — u)Dp(u — u). (4.45) 


The number of “different” contractions that give this same expression is large: 


3! x 4-3 x 4-3-2 x 4-3 x 1/2 
er ne Sj ne Ye 
interchange placement of placement of placement of interchange 

of vertices contractions contractions contractions of w-u 
into z vertex into w vertex into u vertex contractions 


The product of these combinatoric factors is 10,368, roughly 1/13 of the total 
of 135,135 possible full contractions of the 14 operators. The structure of this 
particular contraction can be represented by the following “cactus” diagram: 


o¢ 


z£ 


It is conventional, for obvious reasons, to let this one diagram represent the 
sum of all 10,368 identical terms. 
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In practice one always draws the diagram first, using it as a mnemonic 
device for writing down the analytic expression. But then the question arises, 
What is the overall constant? We could, of course, work it out as above: We 
could associate a factor f d*z(—iA/4!) with each vertex, put in the 1/n! from 
the Taylor series, and then do the combinatorics by writing out the product 
of fields as in (4.45) and counting. But the 1/n! from the Taylor series will 
almost always cancel the n! from interchanging the vertices, so we can just 
forget about both of these factors. Furthermore, the generic vertex has four 
lines coming in from four different places, so the various placements of these 
contractions into éé¢@ generates a factor of 4! (as in the w vertex above), 
which cancels the denominator in (—7\/4!). It is therefore conventional to 
associate the expression f dtz(—ià) with each vertex. (This was the reason 
for the factor of 4! in the ¢* coupling.) 

In the above diagram, this scheme gives a constant that is too large by 
a factor of 8 = 2-2-2, the symmetry factor of the diagram. Two factors 
of 2 come from lines that start and end on the same vertex: The diagram is 
symmetric under the interchange of the two ends of such a line. The other 
factor of 2 comes from the two propagators connecting w to u: The diagram is 
symmetric under the interchange of these two lines with each other. A third 
possible type of symmetry is the equivalence of two vertices. To get the correct 
overall constant for a diagram, we divide by its symmetry factor, which is in 
general the number of ways of interchanging components without changing 
the diagram. 

Most people never need to evaluate a diagram with a symmetry factor 
greater than 2, so there’s no need to worry too much about these technicalities. 
But here are a few examples, to make some sense out of the above rules: 


( ) S=2 
z y 
Te Æ -y S=3!=6 
Ə S=3!-2=12 
ve —~Y 


When in doubt, you can always determine the symmetry factor by counting 
equivalent contractions, as we did above. 
We are now ready to summarize our rules for calculating the numerator 
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of our expression (4.31) for (Q| T¢(x)é(y) |Q: 


(0) {6,(0)6,(u) exp[ ~i f am] $0) = ( 


sum of all possible diagrams 
with two external points 


where each diagrain is built out of propagators, vertices, and external points. 
The rules for associating analytic expressions with pieces of diagrams are 
called the Feynman rules. In ¢* theory the rules are: 


1. For each propagator, re ey =Dp(z-y); 
2. For each vertex, z = (-1) [ex 
3. For each external point, ge =l; 


4. Divide by the symmetry factor. 


One way to interpret these rules is to think of the vertex factor (—iA) as 
the amplitude for the emission and/or absorption of particles at a vertex. The 
integral f dtz instructs us to sum over all points where this process can occur. 
This is just the superposition principle of quantum mechanics: When a process 
can happen in alternative ways, we add the amplitudes for each possible way. 
To compute each individual amplitude, the Feynman rules tell us to multiply 
the amplitudes (propagators and vertex factors) for each independent part of 
the process. 

Since these rules are written in terms of the spacetime points g, y, ete., 
they are sometimes called the position-space Feynman rules. In most calcu- 
lations, it is simpler to express the Feynman rules in terms of momenta, by 
introducing the Fourier expansion of each propagator: 


4 . 
Dr(a-—y)= d'p : eo P (ey) (4.46) 
r Y (2r)t p? —m? + ie ~ 


Represent this in the diagram by assigning a 4-momentum p to each propa- 
gator, indicating the direction with an arrow. (Since Dr(xz — y) = Dry- z), 
the direction of p is arbitrary.) Then when four lines meet at a vertex, the 
z-dependent factors of the diagram are 


Pı . . . L; 
Da dêze Wiz e (P22 o ip3Z _tipaz 
— 


(4.47) 


p Pe = (2n)*6) (p1 + po + p3 — pa). 
3 


In other words, momentum is conserved at each vertex. The delta functions 
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from the vertices can now be used to perform some of the momentum inte- 
grals from the propagators. We are left with the following momentum-space 
Feynman rules: 


i 


1. For each propagator, > = z 
p p — m +E 
2. For each vertex, = —-10); 
3. For each external point, g e— ~< =e 'P®. 
P 
4. Impose momentum conservation at each vertex; 
dt 
5. Integrate over each undetermined momentum: f ont 
T 


6. Divide by the symmetry factor. 


Again, we can interpret each factor as the amplitude for that part of the 
process, with the integrations coming from the superposition principle. The 
exponential factor for an external point is just the amplitude for a particle at 
that point to have the needed momentum, or, depending on the direction of 
the arrow, for a particle with a certain momentum to be found at that point. 

This nearly completes our discussion of the computation of correlation 
functions, but there are still a few loose ends. First, what happened to the 
large time T that was taken to oo(1 — ie)? We glossed over it completely in 
this section, starting with Eq. (4.43). The place to put it back is Eq. (4.47), 
where instead of just integrating over dtz, we should have 


T 
lim dz® fe- eTil pi tp2+p3—pa) z. 


T—oo(l-ie) 
-T 


The exponential blows up as z° —> oo or z° — —oo unless its argument 
is purely imaginary. To achieve this, we can take each p? to have a small 
imaginary part: p? x (1+ ie). But this is precisely what we do in following 
the Feynman boundary conditions for computing Dp: We integrate along a 
contour that is rotated slightly away from the real axis, so that p° x (1+ te): 


[p 
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The explicit dependence on T seems to disappear when we take the limit 
T — oo in (4.46). But consider the diagram 


Pi 


P2 


The delta function for the left-hand vertex is (27)*6(p; + p2), so momentum 
conservation at the right-hand vertex is automatically satisfied, and we get 
(27)*6(0) there. This awkward factor is easy to understand by going back to 
position space. It is simply the integral of a constant over d4w 


[ee (const) « (2T) - (volume of space). (4.49) 


This just tells us that the spacetime process (4.48) can happen at any place 
in space, and at any time between —T and T. Every disconnected piece of a 
diagram, that is, every piece that is not connected to an external point, will 
have one such (2m)46(0 ) =2T -V factor. 

The contributions to the correlation function coming from such diagrams 
can be better understood with the help of a very pretty identity, the exponen- 
tiation of the disconnected diagrams. It works as follows. A typical diagram 
has the form 


OEY) = 


with a piece connected to z and y, and several disconnected pieces. (Since each 
vertex has an even number of lines coming into it, x and y must be connected 
to each other.) Label the various possible disconnected pieces by Vj: 


{8 8 O O —} an 


The elements V; are connected internally, but disconnected from external 
points. Suppose that a diagram (such as (4.50)) has n; pieces of the form 
Vi, for each i, in addition to its one piece that is connected to x and y. (In 
any given diagram, only finitely many of the n; will be nonzero.) If we also 
let V; denote the value of the piece V;, then the value of such a diagram is 


a)”. 


(value of connected piece) - Il 
Ni: 


i 
The 1/n;! is the symmetry factor coming from interchanging the n; copies of 
V;. The sum of all diagrams, representing the numerator of our formula for 


4.4 Feynman Diagrams 97 


the two-point correlation function, is then 


value of 1 ni 
connected piece x lI ng! (Vi) ’ 
all possible all {n4} P i i! 
connected 


pieces 


where “all {n;}” means “all ordered sets {n1, n2, 3,...} of nonnegative inte- 
gers.” The sum of the connected pieces factors out of this expression, giving 


= (Ceomeced) x D (H0) 


all {n;} ‘2 


where (X connected) is an abbreviation for the sum of the values of all con- 
nected pieces. It is not too hard to see that the rest of the expression can also 
be factored (try working backwards): 


= (E connected) x (SO vr) È Zwe) (£ i) 
= (Ceomected) x TT o5 Mi") 
= © connected) x Jee 
= (X. connected) x exp © vi). (4.52) 


We have just shown that the sum of all diagrams is equal to the sum of 
all connected diagrams, times the exponential of the sum of all disconnected 
diagrams. (We should really say “pieces” rather than “diagrams” on the right- 
hand side of the equality, but from now on we will often just call a single piece 
a “diagram.”) Pictorially, the identity is 


T 
lim (O T{9,() w ep[-i f art] } 0) 
-T 


(aO) 
c 9. 3, D as 


Now consider the denominator of our formula (4.31) for the two-point 
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function. By an argument identical to the above, it is just 


OlT fexp|- [= fens} o =| [X+ E OR 


which cancels the exponential of the disconnected diagrams in the numerator. 
This is the final simplification of the formula, which now reads 


(AT [o(x)o(y)] |) 


= sum of all connected diagrams with two external points 


~ yp POO, se 


We have come a long way from our original formula, Eq. (4.31). 

Having gotten rid of the disconnected diagrams in our formula for the 
correlation function, we might pause a moment to go back and interpret them 
physically. The place to look is Eq. (4.30), which can be written 

, pT 
lim (0) T{o,(¢)d,(y) exp|—i f% dt Hr(0)] } 10) 


Tc0(1- ie) 


= (Q| Tole) IN) -lim (|KO) Peen), 


—co(1- ie) 


Looking only at the T-dependent parts of both sides, this implies 


exp D v:] x exp iB) (27)]. (4.55) 


Since each disconnected diagram V; contains a factor of (27)46(0) = 2T-V, 
this gives us a formula for the energy density of the vacuum (relative to the 
zero of energy set by Ho |0) = 0): 


volar [8+ E TORS |/ lenso (0)| . (4.56) 


We should emphasize that the right-hand side is independent of T and (vol- 
ume); in particular it is reassuring to see that Ey is proportional to the volume 
of space. In Chapter 11 we will find that this formula is actually useful. 

This completes our present analysis of the two-point correlation function. 
The generalization to higher correlation functions is easy: 


(OUTI) Alen) = ( ) as 


The disconnected diagrams exponentiate, factor, and cancel as before, by the 
same argument. There is now a potential confusion in terminology, however. 
By “disconnected” we mean “disconnected from all external points” —exactly 
the same diagrams as in (4.51). (They are sometimes called “vacuum bubbles” 


sum of all connected diagrams 
with n external points 
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or “vacuum to vacuum transitions” .) In higher correlation functions, diagrams 
can also be disconnected in another sense. Consider, for example, the four- 
point function: 


(Q| 261626304 |Q) 


- Delle X +245 


+x + Q]+ % + 
+ K+ vee +X bee, (4.58) 


In many of these diagrams, external points are disconnected from each other. 
Such diagrams do not exponentiate or factor; they contribute to the amplitude 
just as do the fully connected diagrams (in which any point can be reached 
from any other by traveling along the lines). 

Note that in 64 theory, all correlation functions of an odd number of fields 
vanish, since it is impossible to draw an allowed diagram with an odd number 
of external points. We can also see this by going back to Wick’s theorem: The 
interaction Hamiltonian H; contains an even number of fields, so all terms 
in the perturbation expansion of an odd correlation function will contain an 
odd number of fields. But it is impossible to fully contract an odd number 
of fields in pairs, and only fully contracted terms have nonvanishing vacuum 
expectation value. 


4.5 Cross Sections and the S-Matrix 


We now have an extremely beautiful formula, Eq. (4.57), for computing an 
extremely abstract quantity: the n-point correlation function. Our next task 
is to find equally beautiful ways of computing quantities that can actually be 
measured: cross sections and decay rates. In this section, after briefly reviewing 
the definitions of these objects, we will relate them (via a rather technical but 
fairly careful derivation) to a more primitive quantity, the S-matrix. In the 
next section we will learn how to compute the matrix elements of the S-matrix 
using Feynman diagrams. 


The Cross Section 


The experiments that probe the behavior of elementary particles, especially 
in the relativistic regime, are scattering experiments. One collides two beams 
of particles with well-defined momenta, and observes what comes out. The 
likelihood of any particular final state can be expressed in terms of the cross 
section, a quantity that is intrinsic to the colliding particles, and therefore 
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allows comparison of two different experiments with different beam sizes and 
intensities. 

The cross section is defined as follows. Consider a target, at rest, of parti- 
cles of type A, with density p4 (particles per unit volume). Aim at this target 
a bunch of particles of type B, with number density pg and velocity v: 


Let £4 and £g be the lengths of the bunches of particles. Then we expect 
the total number of scattering events (or scattering events of any particular 
desired type) to be proportional to p4, ps, LA, £g, and the cross-sectional 
area A common to the two bunches. The cross section, denoted by ø, is just 
the total number of events (of whatever type desired) divided by all of these 
quantities: 

c= Number of scattering events | (4.59) 

PALA pBlBA 

The definition is symmetric between the A’s and B’s, so of course we could 
have taken the B’s to be at rest, or worked in any other reference frame. 

The cross section has units of area. In fact, it is the effective area of 
a chunk taken out of one beam, by each particle in the other beam, that 
subsequently becomes the final state we are interested in. 

In real beams, p4 and pg are not constant; the particle density is generally 
larger at the center of the beam than at the edges. We will assume, however, 
that both the range of the interaction between the particles and the width of 
the individual particle wavepackets are small compared to the beam diameter. 
We can then consider p4 and pg to be constant in what follows, and remember 
that, to compute the event rate in an actual accelerator, one must integrate 
over the beam area: 


Number of events = ø £4 £g [ee palz) pplz). (4.60) 


If the densities are constant, or if we use this formula to compute an effective 
area A of the beams, then we have simply 


oNaNg 
A 4 
where N4 and Ng are the total numbers of A and B particles. 
Cross sections for many different processes may be relevant to a single 
scattering experiment. In ete7 collisions, for example, one can measure the 
cross sections for production of utu, Ttr, tu~ y, ptu yy, ete., and 
countless processes involving hadron production, not to mention simple e+ e~ 
scattering. Usually, of course, we wish to measure not only what the final-state 
particles are, but also the momenta with which they come out. In this case 


Number of events = (4.61) 
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our definition (4.59) of ø still works, but if we specify the exact momenta de- 
sired, o will be infinitesimal. The solution is to define the differential cross 
section, da/(d°p,-+-dp,,). It is simply the quantity that, when integrated 
over any small d?p, --- d?pn, gives the cross section for scattering into that re- 
gion of final-state momentum space. The various final-state momenta are not 
all independent: Four components will always be constrained by 4-momentum 
conservation. In the simplest case, where there are only two final-state parti- 
cles, this leaves only two unconstrained momentum components, usually taken 
to be the angles @ and ¢ of the momentum of one of the particles. Integrating 
da / (d pıd?pz) over the four constrained momentum components then leaves 
us with the usual differential cross section da/dQ. 

A somewhat simpler measurable quantity is the decay rate T of an unsta- 
ble particle A (assumed to be at rest) into a specified final state (of two or 
more particles). It is defined as 


_ Number of decays per unit time 


. 4.62 
Number of A particles present (4.62) 


The lifetime 7 of the particle is then the reciprocal of the sum of its decay 
rates into all possible final states. (The particle’s half-life is 7 - ln 2.) 

In nonrelativistic quantum mechanics, an unstable atomic state shows up 
in scattering experiments as a resonance. Near the resonance energy Eo, the 
scattering amplitude is given by the Breit-Wigner formula 


1 
ME) x ERTA 


The cross section therefore has a peak of the form 
1 
O° TE- Eo)? +T?/4 
The width of the resonance peak is equal to the decay rate of the unstable 
state. 

The Breit-Wigner formula (4.63) also applies in relativistic quantum me- 
chanics. In particular, it gives the scattering amplitude for processes in which 
initial particles combine to form an unstable particle, which then decays. The 
unstable particle, viewed as an excited state of the vacuum, is a direct ana- 
logue of the unstable nonrelativistic atomic state. If we call the 4-momentum 
of the unstable particle p and its mass m, we can make a relativistically in- 
variant generalization of (4.63): 


1 1 
pP- m2 +iml 2Ep(p — Ep + i(m/Ep)T/2)’ 


(4.63) 


(4.64) 


The decay rate of the unstable particle in a general frame is (m/Ep)T, in ac- 
cord with relativistic time dilation. Although the two expressions in (4.64) are 
equal in the vicinity of the resonance, the left-hand side, which is manifestly 
Lorentz invariant, is much more convenient. 
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The S-Matrix 


How, then, do we calculate a cross section? We must set up wavepackets rep- 
resenting the initial-state particles, evolve this initial state for a very long 
time with the time-evolution operator exp(—iHt) of the interacting field the- 
ory, and overlap the resulting final state with wavepackets representing some 
desired set of final-state particles. This gives the probability amplitude for 
producing that final state, which is simply related to the cross section. We 
will find that, in the limit where the wavepackets are very narrow in momen- 
tum space, the amplitude depends only on the momenta of the wavepackets, 
not on the details of their shapes.t 
A wavepacket representing some desired state |¢) can be expressed as 


3 
$) = f Era N Ik), (4.65) 


where ¢(k) is the Fourier transform of the spatial wavefunction, and |k) is a 
one-particle state of momentum k in the interacting theory. In the free theory, 
we would have |k) = V2E,al. |0). The factor of /2E, converts our relativistic 
normalization of |k) to the conventional normalization in which the sum of 
all probabilities adds up to 1: 


(dl) =1 if [aslo =1. (4.66) 


The probability we wish to compute is then 


2 


P = |(bid2---|badn)} , (4.67) 
Sa A 


future past 


where |ġaġg) is a state of two wavepackets constructed in the far past and 
(¢1¢2°+-| is a state of several wavepackets (one for each final-state particle) 
constructed in the far future. The wavepackets are localized in space, so each 
can be constructed independently of the others. States constructed in this 
way are called in and out states. Note that we use the Heisenberg picture: 
States are time-independent, but the name we give a state depends on the 
eigenvalues or expectation values of time-dependent operators. Thus states 
with different names constructed at different times have a nontrivial overlap, 
which depends on the time dependence of the operators. 

If we set up |¢4¢g) in the remote past, and then take the limit in which 
the wavepackets ¢;(k;) become concentrated about definite momenta pj, this 
defines an in state |p4pg);, with definite initial momenta. It is useful to view 
|\é4¢p) as a linear superposition of such states. It is important, however, to 


tMuch of this section is based on the treatment of nonrelativistic scattering given 
in Taylor (1972), Chapters 2, 3, and 17. We concentrate on the additional complications 
of the relativistic theory, glossing over many subtleties, common to both cases, which 
Taylor explains carcfully. 
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re (A) — 


Figure 4.2. Incident wavepackets are uniformly distributed in impact pa- 
rameter b. 


take into account the transverse displacement of the wavepacket øg relative 
to ġa in position space (see Fig. 4.2). Although we could leave this implicit 
in the form of ég(kg), we instead adopt the convention that our reference 
momentum-space wavefunctions are collinear (that is, have impact parameter 
b = 0), and write ég(kg) with an explicit factor exp(—ib-kg) to account for 
the spatial translation. Then, since ġa and ¢g are constructed independently 
at different locations, we can write the initial state as 


_ [aka fake dalka)oo(ks)e ?** 
baseh [ost [os (2E.4)(2Eg) 


We could expand (¢1¢2---| in terms of similarly defined out states of definite 
momentum formed in the asymptotic future: 


_ dps bs(Ps) Da 
out P1 G2 E | = (IL | ae J2E; ) aul aPe |. 


It is much easier, however, to use the out states of definite momentum as 
the final states in the probability amplitude (4.67), and to multiply by the 
various normalization factors after squaring the amplitude. This is physically 
reasonable as long as the detectors of final-state particles mainly measure 
momentum—that is, they do not resolve positions at the level of de Broglie 
wavelengths. 

We can now relate the probability of scattering in a real experiment to 
an idealized set of transition amplitudes between the asymptotically defined 
in and out states of definite momentum, 


|k4kg),,,- (4.68) 


out(P1P2 a kaksin- (4.69) 


tHere and below, the product symbol applies (symbolically) to the integral as 
well as the other factors in parentheses; the integrals apply to what is outside the 
parentheses as well. 
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To compute the overlap of in states with out states, we note that the conven- 
tions for defining the two sets of states are related by time translation: 


ont(P1P2 * +: |kakg)in = jim (P1P2 "| kaks) 
T -T (4.70) 
= lim (pipe |e ¥ CT |kakg). 
T0200 


In the last line, the states are defined at any common reference time. Thus, the 
in and out states are related by the limit of a sequence of unitary operators. 
This limiting unitary operator is called the S-matriz: 


out(P1P2 ut Ikaks) in = (Pipe uv | S |kakg) ` (4.71) 


The S-matrix has the following structure: If the particles in question 
do not interact at all, S is simply the identity operator. Even if the theory 
contains interactions, the particles have some probability of simply missing 
one another. To isolate the interesting part of the S-matrix—that is, the part 
due to interactions—we define the T-matrix by 


S=1+iT. (4.72) 


Next we note that the matrix elements of S should reflect 4-momentum con- 
servation. Thus S or T should always contain a factor 64) (ka + kg — Y pp). 
Extracting this factor, we define the invariant matriz element M, by 


(Pip2---|iT |kaks) = (27)*6 (ka+kg — ps) -iM(ka, kg > pp). (4.73) 


We have written this expression in terms of 4-momenta p and k, but of course 
all 4-momenta are on mass-shell: p? = Ep, k? = Ep. (Note that our entire 
treatment is specific to the case where the initial state contains only two 
particles. For 3-many or many—many interactions, one can invent analogous 
constructions, but we will not consider such complicated experiments in this 
book.) 

The matrix element M is analogous to the scattering amplitude f of 
one-particle quantum mechanics. It is useful because it allows us to separate 
all the physics that depends on the details of the interaction Hamiltonian 
(“dynamics”) from all the physics that doesn’t (“kinematics”). In the next 
section we will discuss how to compute M using Feynman diagrams. But 
first, we must figure out how to reconstruct the cross section o from M. 

To do this, let us calculate, in terms of M, the probability for the initial 
state |64¢g) to scatter and become a final state of n particles whose momenta 
lie in a small region d?p, ---d?p,. In our normalization, this probability is 


| 2 


P(AB+12...n)= (1 dy 1 (4.74) 


f (27)? z) lout(P1 “++ Dn | PAGB) in 
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For a single target (A) particle and many incident (B) particles with different 
impact parameters b, the number of scattering events is 


N= So P= J ab ng P(b 
all incident 
particles i 
where ng is the number density (particles per unit area) of B particles. Since 
we are assuming that this number density is constant over the range of the 
interaction, ng can be taken outside the integral. The cross section is then 


N N 5 
o= == fa b P(b). (4.75) 


ngsNa ng: 


Deriving a simple expression for ø in terms of M is now a fairly straight- 
forward calculation. Combining (4.75), (4.74), and (4.68), we have (writing 
do rather than o since this is an infinitesimal quantity) 


o= dpp dki (ki) Th gi (Ki) 
d (ites: on) i( TL Se 8 /2R; SR) 
putes toned) (4.76) 


where we have used k4 and kg as dummy integration variables in the second 
half of the squared amplitude. The d?b integral can be performed to give a 
factor of (27)?6°) (kg — kg). We get more delta functions by writing the final 
two factors of (4.76) in terms of M. Assuming that we are not interested in 
the trivial case of forward scattering where no interaction takes place, we can 
drop the 1 in Eq. (4.72) and write these factors as 


(oP H{Ki})in) = iM({ki} > {ps }) (27)*6 ki -Z pr); 
(oule {ki} in) = —-iM* ({ki } -> {orp ( ) 27)“ A (X ki T Spr). 


We can use the second of these delta functions, together with the 6°) (kg —kg), 
to perform all six of the k integrals in (4.76). Of the six integrals, only those 
over k% and ky require some work: 


[eta oR +R - Dr) (Eat Es - EEr) 


= fi 6(\/ Etma + y ktm - Ey) 


1 
= . 4, 
lua — vgl (4.7) 


kR=Eps—ky 


= iB i 

Ea Ep 
In the last line and in the rest of Eq. (4.76) it is understood that the con- 
straints k% + kp = PF and Ea + Eg = }_ E; now apply (in addition to 
the constraints kz = k4 and ks = kg coming from the other four integrals). 
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The difference |v4 — vg! is the relative velocity of the beams as viewed from 
the laboratory frame. 

Now recall that the initial wavepackets are localized in momentum space, 
centered on p4 and pg. This means that we can evaluate all factors that 
are smooth functions of k4 and kg at p4 and pg, pulling them outside the 
integrals. These factors include E4, Eg, |va — vgl, and M-—everything except 
the remaining delta function. After doing this, we arrive at the expression 


_ (pp 1 \ |Ma pe > {pH [dka f dks 
do (Tse z) 2E42Eg |va—ug] Tesle (4.78) 


x [galka)[ lós lks)[ (27) 6® (kat+ke- Opp). 

To simplify this formula further, we should think a bit more about the 
properties of real particle detectors. We have already noted that real detec- 
tors project mainly onto eigenstates of momentum. But real detectors have 
finite resolution; that is, they sum incoherently over momentum bites of fi- 
nite size. Normally, the measurement of the final-state momentum is not of 
such high quality that it can resolve the small variation of this momentum 
that results from the momentum spread of the initial wavepackets oA, op. In 
that case, we may treat even the momentum vector k4 + kg inside the delta 
function as being well approximated by its central value p4 + ps. With this 
further approximation, we can perform the integrals over k4 and kg using the 
normalization condition (4.66). This produces the final form of the relation 
between S-matrix elements and cross sections, 


d 1 ( dps 1 ) 
o= 
2E42Eg |ua —vg] f (27)3 2E; (4.79) 


2 

x |M(pa, ps = {p H| (2r) 8O (pa+ps -Z pp). 

Al dependence on the shapes of the wavepackets has disappeared. 
The integral over final-state momenta in (4.79) has the structure 


l _ dps 1 4 ¢(4) 
[a= (11 J aia) (218P -E ps), (480) 
with P the total initial 4momentum. This integral is manifestly Lorentz in- 
variant, since it is built up from invariant 3-momentum integrals constrained 
by a 4-momentum delta function. This integral is known as relativistically 
invariant n-body phase space. Of the other ingredients in (4.79), the matrix 
element M is also Lorentz invariant. The Lorentz transformation property of 
(4.79) therefore comes entirely from the prefactor 


1 1 1 
E4Eg[va -> vs| |Esp4 — Eapgl  lepeyphph 
This is not Lorentz invariant, but it is invariant to boosts along the z-direction. 


In fact, this expression has exactly the transformation properties of a cross- 
sectional area. 
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For the special case of two particles in the final state, we can simplify 
the general expression (4.79) by partially evaluating the phase-space integrals 
in the center-of-mass frame. Label the momenta of the two final particles 
pı and po. We first choose to integrate all three components of po over the 
delta functions enforcing 3-momentum conservation. This sets po = —p; and 
converts the integral over two-body phase space to the form 


dp, pt dQ E 
J dil = JESE Dm) 2E, Dy Cem — Fi — Ea), (4.81) 


where Ey = yp? + mj, E2 = yp? + m3, and Eem is the total initial energy. 


Integrating over the final delta function gives 


2 _ 
Py Pı Pl 
Ts = Q 
fi 2 [e ene Fr + i) 


1 [pil 
= | dQ — . 
f 16r? Eem 
For reactions symmetric about the collision axis, two-body phase space can 
be written simply as an integral over the polar angle in the center-of-mass 


frame: 1 2Jpı 
Pı 

Tl, = 4.83 

je 2 [cose Eon (4.83) 


(4.82) 


The last factor tends to 1 at high energy. 
Applying this simplification to (4.79), we find the following form of the 
cross section for two final-state particles: 


do 1 IP1| 2 
-= = M . (4.84 

(Tala 2E42Eg |va—vug] (27)? 4Eem [Mpa ps > pipa) (4.84) 
In the special case where all four particles have identical masses (including the 
commonly seen limit m — 0), this reduces to the formula quoted in Chapter 1, 


2 
(Ea = see (all four masses identical). (4.85) 

To conclude this section, we should derive a formula for the differential 
decay rate, dT, in terms of M. The correct expression is only a slight modifi- 
cation of (4.79), and is quite easy to guess: Just remove from (4.79) the factors 
that do not make sense when the initial state consists of a single particle. The 
definition of T assumes that the decaying particle is at rest, so the normaliza- 
tion factor (2E,4)~' becomes (2m,4)~!. (In any other frame, this factor would 
give the usual time dilation.) Thus the decay rate formula is 


3 
r= 5 (i Ton aE 2F -) aM ma — {p| (27)48 (pa -E pr). (4.86) 


2MA 


Unfortunately, the meaning of this formula is far from clear. Since an unstable 
particle cannot be sent into the infinitely distant past, our definition (4.73) 
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of M(m,4 — {prf }) in terms of the S-matrix makes no sense in this context. 
Nevertheless formula (4.86) is correct, when M is computed according to the 
Feynman rules for S-matrix elements that we will present in the following 
section. We postpone the further discussion of these matters, and the proof 
of Eq. (4.86), until Section 7.3. Until then, an intuitive notion of M as a 
transition amplitude should suffice. 

Equations (4.79) and (4.86) are completely general, whether or not the 
final state contains several identical particles. (The computation of M, of 
course, will be quite different when identical particles are present, but that is 
another matter.) When integrating either of these formulae to obtain a total 
cross section or decay rate, however, we must be careful to avoid counting the 
same final state several times. If there are n identical particles in the final 
state, we must either restrict the integration to inequivalent configurations, 
or divide by n! after integrating over all sets of momenta. 


4.6 Computing S-Matrix Elements 
from Feynman Diagrams 


Now that we have formulae for cross sections and decay rates in terms of 
the invariant matrix element M, the only remaining task is to find a way of 
computing M for various processes in various interacting field theories. In this 
section we will write down (and try to motivate) a formula for M in terms 
of Feynman diagrams. We postpone the actual proof of this formula until 
Section 7.2, since the proof is somewhat technical and will be much easier to 
understand after we have seen how the formula is used. 

Recall from its definition, Eq. (4.71), that the S-matrix is simply the 
time-evolution operator, exp(—iHt), in the limit of very large t: 


(Pip2-+-| 5 |kaks) = lim (pipe ---|e "C7 kaks). (4.87) 


To compute this quantity we would like to replace the external plane-wave 
states in (4.87), which are eigenstates of H, with their counterparts in the 
unperturbed theory, which are eigenstates of Hp. We successfully made such 
a replacement for the vacuum state |Q) in Eq. (4.27): 

IQ) = lim (eT (Q|0)) eT |0}. 


T—00(1-ie) 
This time we would like to find a relation of the form 


|kakp) x lim e FT kK akp)o, (4.88) 
where we have omitted some unknown phases and overlap factors like those 
in (4.27). To find such a relation would not be easy. In (4.27), we used the fact 
that the vacuum was the state of absolute lowest energy. Here we can use only 
the much weaker statement that the external states with well-separated initial 
and final particles have the lowest energy consistent with the predetermined 
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nonzero values of momentum. The problem is a deep one, and it is associated 
with one of the most fundamental difficulties of field theory, that interactions 
affect not only the scattering of distinct particles but also the form of the 
single-particle states themselves. 

If the formula (4.88) could somehow be justified, we could use it to rewrite 
the right-hand side of (4.87) as 


lim —o(pi--- Pale 2” |paps), 


T-0o(1-ie) 


T (4.89) 


«x lim (pi: - pal (exp[-i f 


tin [av m10] ) ipapa: 
In the evaluation of vacuum expectation values, the awkward proportionality 
factors between free and interacting vacuum states cancelled out of the final 
formula, Eq. (4.31). In the present case those factors are so horrible that we 
have not even attempted to write them down; we only hope that a similar 
dramatic cancellation will take place here. In fact such a cancellation does 
take place, although it is not easy to derive this conclusion from our present 
approach. Up to one small modification (which is unimportant for our present 
purposes), the formula for the nontrivial part of the S-matrix can be simplified 
to the following form: 


(Pi: Pn| iT |paPs) 


| pr (4.90) 
= 7m o(P1 ue PrlT exp [if at H (e) |PAPs)o connected, 


amputated 


The attributes “connected” and “amputated” refer to restrictions on the class 
of possible Feynman diagrams; these terms will be defined in a moment. We 
will prove Eq. (4.90) in Section 7.2. In the remainder of this section, we will 
explain this formula and motivate the new restrictions that we have added. 

First we must learn how to represent the matrix element in (4.90) as a 
sum of Feynman diagrams. Let us evaluate the first few terms explicitly, in 
6* theory, for the case of two particles in the final state. The first term is 


o(PiP2lPAPs)y = 26126228 42Bp (0| a1aza',ai, |0) 
= 2F42Eg(2n) (6(pa — pı)ó(pg — P2) (4.91) 


+ô(pa — p2)ô(pg — P1)). 


The delta functions force the final state to be identical to the initial state, 
so this term is part of the ‘1’ in S = 1+iT, and does not contribute to the 
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scattering matrix element M. We can represent it diagrammatically as 


1 2 1 2 
/ 
A B A B 


The next term in (pıp2| 5 |p4pz) is 


À 
(pipeit (i3 f d's oto) paps) 
l (4.92) 
= Pipl (= [ets ofle) + contractions) |[PAPB)o 


using Wick’s theorem. Since the external states are not |0}, terms that are not 
fully contracted do not necessarily vanish; we can use an annihilation operator 
from ġ,(z) to annihilate an initial-state particle, or a creation operator from 
ġ,(z) to produce a final-state particle. For example, 


3 
pi (2)|P)o = J on -r ake ™™? \/2Epat, |0) 
3 
= | a 7E eite PEG (2m)8(k—p)|o) 69 


=e 'P* |0}. 


An uncontracted ¢, operator inside the N-product of (4.92) has two terms: 
$f on the far right and @; on the far left. We get one contribution to the 
S-matrix element for each way of commuting the a of of past an initial-state 
al, and one contribution for each way of commuting the at of ¢7 past a final- 
state a. It is natural, then, to define the contractions of field operators with 
external states as follows: 


~ , m , 
$(2)[pP) =e '?*; (plg, (x) = e+®?. (4.94) 


To evaluate an S-matrix element such as (4.92), we simply write down all 
possible full contractions of the ¢, operators and the external-state momenta. 

To see that this prescription is correct, let us evaluate (4.92) in detail. 
The N-product contains terms of the form 


m nn 
ppop: 600; oppg. (4.95) 


The last term, in which the ¢ operators are fully contracted with each other, is 
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equal to a vacuum bubble diagram times the value of (4.91) calculated above: 


A 4 NN 
-iJ d? x o(P1P2|$¢¢/PAPB)o 


1 (4.96) 


2 1 2 

+ X 
B A / B 
This is just another contribution to the trivial part of the S-matrix, so we 
ignore it. 

Next consider the second term of (4.95), in which two of the four ¢ oper- 
ators are contracted. The normal-ordered product of the remaining two fields 
looks like (atat + 2a'a-+aa). As we commute these operators past the a’s and 
a'’s of the initial and final states, we find that only a term with an equal num- 
ber of a’s and ai’s can survive. In the language of contractions, this says that 
one of the ¢’s must be contracted with an initial-state |p), the other with a 
final-state (p|. The uncontracted |p) and (p| give a delta function as in (4.91). 


To represent these quantities diagrammatically, we introduce ezternal lines to 
our Feynman rules: 


sop = Sr plat) = —— K 497 


Feynman diagrams for S-matrix elements will always contain external lines, 
rather than the external points of diagrams for correlation functions. The 
second term of (4.95) thus yields four diagrams: 


JEX 


A B A 


A 


2 


B 


The integration f dtz produces a momentum-conserving delta function at 
each vertex (including the external momenta}, so these diagrams again de- 
scribe trivial processes in which the initial and final states are identical. This 
illustrates a general principle: Only fully connected diagrams, in which all 
external lines are connected to each other, contribute to the T-matrix. 
Finally, consider the term of (4.95) in which none of the ¢ operators are 
contracted with each other. Our prescription tells us to contract two of the 
¢’s with |p,4pg) and the other two with (p;p2|. There are 4! ways to do this. 
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Thus we obtain the diagram 


1 2 


= (4!)- (à) [es et PatpBe -pi =p) x 
' (4.98) 
A B 


= ~id(27)46 (pa + ps — pı — po). 


This is exactly of the form iM(27)*6™ (p4 + pg — pı — po), with M = —AÀ. 

Before continuing our discussion of Feynman diagrams for S-matrix ele- 
ments, we should certainly pause to turn this result into a cross section. For 
scattering in the center-of-mass frame, we can simply plug |M|? = å? into 
Eq. (4.85) to obtain 


do X2 
(55). = aE (4.99) 


We have just computed our first quantum field theory cross section. It is a 
rather dull result, having no angular dependence at all. (This situation will 
be remedied when we consider fermions in the next section.) Integrating over 
dQ, and dividing by 2 since there are two identical particles in the final state, 
we find the total cross section, 


A2 


327 E2, . (4. 100) 


Ototal = 

In practice, one would probably use this result to measure the value of À. 
Returning to our general discussion, let us consider some higher-order 
contributions to the T-matrix for the process A, B — 1,2. If we ignore, for the 
moment, the “connected and amputated” prescription, we have the formula 


(pip2| iT |PAps) 2 x + oO + o + A Lo. 
(XB) (X88). 
+ xo bon (4.101) 


plus diagrams in which the four external lines are not all connected to each 
other. We have already seen that this last class of diagrams gives no contribu- 
tion to the T-matrix. The first diagram shown in (4.101) gives the lowest-order 
contribution to T, which we calculated above. The next three diagrams give 
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expected corrections to this amplitude, involving creation and annihilation of 
additional “virtual” particles. 

The diagrams in the second line of (4.101) contain disconnected “vacuum 
bubbles”. By the same argument. as at the end of Section 4.4, the disconnected 
pieces exponentiate to an overall phase factor giving the shift of the energy 
of the interacting vacuum state upon which the scattering takes place. Thus 
they are irrelevant to S. We have now seen that only fully connected diagrams 
give sensible contributions to S-matrix elements. 

The last diagram is more problematical; let us evaluate it. After integrat- 
ing over the two vertex positions, we obtain 


D p2 7 sf dp ii J dk i 
~ 2) Orp- m J Ork m 
l 4.102 
DA pN Ak x (=id)(2n)46 (pa +p! — pr — po) EP 
PB 


x (—ir)(2)46 (pg — p’). 


We can integrate over p’ using the second delta function. It tells us to evaluate 


———— = 5 =L, 
p? — m? \p'=pp pp- m? 0 


1 1 1 
We get infinity, since pg, being the momentum of an external particle, is on- 
shell: p% = m?. This is a disaster. Clearly, our formula for S makes sense only 
if we exclude diagrams of this form, that is, diagrams with loops connected to 
only one external leg. Fortunately, this is physically reasonable: In the same 
way that the vacuum bubble diagrams represent the evolution of |0} into |Q), 
these external leg corrections, 


XQ. Xe NP ORs 


represent the evolution of |p), into |p), the single-particle state of the inter- 
acting theory. Since these corrections have nothing to do with the scattering 
process, we should exclude them from the computation of S. 

For a general diagram with external legs, we define amputation in the 
following way. Starting from the tip of each external leg, find the last point 
at which the diagram can be cut by removing a single propagator, such that 
this operation separates the leg from the rest of the diagram. Cut there. For 
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example: 


——_—_ 
amputate 


Let us summarize our prescription for calculating scattering amplitudes. 
Our formula for S-matrix elements, Eq. (4.90), can be rewritten 
iM - (27)*6 (pa + pp — X py) 
_ f sum of all connected, amputated Feynman (4.103) 
~ \diagrams with p4, pg incoming, p fy Outgoing / ` 


By ‘connected’, we now mean fully connected, that. is, with no vacuum bub- 
bles, and all external legs connected to each other. The Feynman rules for 
scattering amplitudes in $4 theory are, in position space, 


1. For each propagator, te ey =Dpr(x—y); 


2. For each vertex, a = (-72) fhs 


3. For each external line, > =e Pe, 
P 


4. Divide by the symmetry factor. 


Notice that the factor for an ingoing line is just the amplitude for that particle 
to be found at the vertex it connects to, i.e., the particle’s wavefunction. Sim- 
ilarly, the factor for an outgoing line is the amplitude for a particle produced 
at the vertex to have the desired final momentum. 

Just as with the Feynman rules for correlation functions, it is usually 
simpler to introduce the momentum-space representation of the propagators, 
carry out the vertex integrals to obtain momentum-conserving delta functions, 
and use these delta functions to evaluate as many momentum integrals as 
possible. In a scattering amplitude, however, there will always be an overall 
delta function, which can be used to cancel the one on the left-hand side of 
Eq. (4.103). We are then left with 


iM = sum of all connected, amputated diagrams, (4.104) 


where the diagrams are evaluated according to the following rules: 
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1. For each propagator, : 


Sy 


~ pt —m? + ie’ 


2. For each vertex, = —i\; 


3. For each external line, > =ł; 


4. Impose momentum conservation at each vertex; 
d‘p 
5. Integrate over each undetermined loop momentum: f rja’ 
T 
6. Divide by the symmetry factor. 


This is our final version of the Feynman rules for ¢4 theory; these rules are 
also listed in the Appendix, for reference. 

Actually, Eq. (4.103) still isn’t quite correct. One more modification is nec- 
essary, involving the proportionality factors that were omitted from Eq. (4.89). 
But the modification affects only diagrams containing loops, so we postpone 
its discussion until Chapters 6 and 7, where we first evaluate such diagrams. 
We will prove the corrected formula (4.103) in Section 7.2, by relating S- 
matrix elements to correlation functions, for which we have actually derived 
a formula in terms of Feynman diagrams. 


4.7 Feynman Rules for Fermions 


So far in this chapter we have discussed only 44 theory, in order to avoid un- 
necessary complication. We are now ready to generalize our results to theories 
containing fermions. 

Our treatment of correlation functions in Section 4.2 generalizes without 
difficulty. Lorentz invariance requires that the interaction Hamiltionian Hy be 
a product of an even number of spinor fields, so no difficulties arise in defining 
the time-ordered exponential of Hz. 

To apply Wick’s theorem, however, we must generalize the definitions of 
the time-ordering and normal-ordering symbols to include fermions. We saw 
at the end of Section 3.5 that the time-ordering operator T' acting on two 
spinor fields is most conveniently defined with an additional minus sign: 


w(x)b(y) for 2° > y°; 
—(y)v(2) forz? <y’. 
With this definition, the Feynman propagator for the Dirac field is 


T(y(z)ply)) = { (4.105) 


4 i . — 
Sr(z— y) = f ea BHM) pipa- = (| TW(ayB(y) |0). (4106) 


Qr)* p? — m? + ie 
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For products of more than two spinor fields, we generalize this definition in 
the natural way: The time-ordered product picks up one minus sign for each 
interchange of operators that is necessary to put the fields in time order. For 
example, 


T(videdsbs) =(-1Rvsdidade if a8 >x? >r? >al, 


The definition of the normal-ordered product of spinor fields is analogous: 
Put in an extra minus sign for each fermion interchange. The anticommutation 
properties make it possible to write a normal-ordered product in several ways, 
but with our conventions these are completely equivalent: 

N (apaqa}) = (—1)?alapag = (-1)%alagap. 


Using these definitions, it is not hard to generalize Wick’s theorem. Con- 
sider first the case of two Dirac fields, say T lv(æjply)] . In analogy with (4.37), 
define the contraction of two fields by 

- _ 1 
T[b(x)b(y)] = N[d(@)dy)] +yli). (4.107) 
Explicitly, for the Dirac field, 


aL + zr aly— r 79 0 
p(z)yly) = { Bt oy 0 7 io } = Sp(£ — y); (4.108) 
ro] Do 
(x)b(y) = v(a)b(y) = 0. (4.109) 


Define contractions under the normal-ordering symbol to include minus signs 
for operator interchanges: 


PT r32 _ — 
N (pippata) = v13 N (p294) = -SF (z1 — 23) N (Yapa). (4.110) 
With these conventions, Wick’s theorem takes the same form as before: 
T [dives = ‘| =N [vides +++ + all possible contractions]. (4.111) 


The proof is essentially unchanged from the bosonic case, since all extra minus 
signs are accounted for by the above definitions. 


Yukawa Theory 


Writing down the Feynman rules for fermion correlation functions would now 
be easy, but instead let’s press on and discuss scattering processes. For defi- 
niteness, we begin by analyzing the Yukawa theory: 


H = Apirac + HKlein-Gordon + [as ghd. (4.112) 
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This is a simplified model of Quantum Electrodynamics. In this section we 

will carefully work out the rules of calculation for Yukawa theory, so that in 

the next section we can guess the rules for QED without too much difficulty. 
To be even more specific, consider the two-particle scattering reaction 


fermion(p) + fermion(k) — fermion(p’) + fermion(k’). 


The leading contribution comes from the H? term of the S-matrix: 


P KIT (5 (ig) debri (io) dy Gye161) |p. k (4.113) 


To evaluate this expression, use Wick’s theorem to reduce the T-product to 
an N-product of contractions, then act the uncontracted fields on the initial- 
and final-state particles. Represent this latter process as the contraction 


3 


p 1 s' s f to ip x st 


= eu (p) |0). 


Similar expressions hold for the contraction of w, with a final-state fermion, 
and for contractions of r and 7, with antifermion states. Note that Yz can 
be contracted with a fermion on the right or an antifermion on the left; the 
opposite is true for wy. 
We can write a typical contribution to the matrix element (4.113) as the 
contraction 
|| 


[| r 1l Hq 
(p’,k'| 5 (~ig) fdz ypo (—ig) fd*y ove |p,k). (4.115) 


Up to a possible minus sign, the value of this quantity is 


4 a 
io fp C w=) 
x (2n)6(K! -k+ A)T (p Vul p)A(K ul). 


(We have dropped the factor 1/2! because there is a second, identical term 
that comes from interchanging x and y in (4.115).) Using either delta func- 
tion to perform the integral, we find that this expression takes the form 
iM(2r)46(Zp), with 


iM = 5 (p' )u(p)u(k')u(k). (4.116) 


2 
q Mg 


When writing it in this way, we must remember to impose the constraints 
p-p=q=Kk'—k. 
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Instead of working from (4.115), we could draw a Feynman diagram: 


~- =e --- 


We denote scalar particles by dashed lines, and fermions by solid lines. The S- 
matrix element could then be obtained directly from the following momentum- 
space Feynman rules. 


1. Propagators: 


$a) = ----- O re: 

Te i(p+m) 

ylejyly) > ~~ p? — m2 + ie 
2. Vertices: = = = »----- = —ig 


3. External leg contractions: 


4 4 
= --—~—~-- =] = -- -- =] 
$ |a) , (al ¢ me 
[1 mL 
ples) = D sw) (p,slb = + =u(p) 
<a . p “am P 
fermion fermion 
Cc] | 
Ņ |k,s) = N = w(k) (k,s| w= —»_f = vs(k) 
aan oR aan ko 
antifermion antifermion 


4. Impose momentum conservation at each vertex. 

5. Integrate over each undetermined loop momentum. 

6. Figure out the overall sign of the diagram. 

Several comments are in order regarding these rules. 

First, note that the 1/n! from the Taylor series of the time-ordered expo- 
nential is always canceled by the n! ways of interchanging vertices to obtain 
the same contraction. The diagrams of Yukawa theory never have symmetry 
factors, since the three fields (Ww) in H; cannot substitute for one another 
in contractions. 

Second, the direction of the momentum on a fermion line is always signifi- 
cant. On external lines, as for bosons, the direction of the momentum is always 
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ingoing for initial-state particles and outgoing for final-state particles. This 
follows immediately from the expansions of y and ~, where the annihilation 
operators ap and bp both multiply e—*P © and the creation operators al, and bi 
both multiply e+*?’*. On internal fermion lines (propagators), the momentum 
must be assigned in the direction of particle-number flow (for electrons, this 
is the direction of negative charge flow). This requirement is most easily seen 
by working out an example from first principles. Consider the annihilation of 
a fermion and an antifermion into two bosons: 


A k k! F | 

X 4 í ply 1m | 

VARN = (k,k'| fatx ddd fdty pwy p,p’) 
p X 


p 
A . 
~ [ate [yao g Ta ULEM) iee) ulpes, 


(27)4 g-m? 


The integrals over z and y give delta functions that force q to flow from y to z, 
as shown. On internal boson lines the direction of the momentum is irrelevant 
and may be chosen for convenience, since Dr(x — y) = Dp (y — 2). 

It is conventional to draw arrows on fermion lines, as shown, to represent 
the direction of particle-number flow. The momentum assigned to a fermion 
propagator then flows in the direction of this arrow. For external antiparticles, 
however, the momentum flows opposite to the arrow; it helps to show this 
explicitly by drawing a second arrow next to the line. 

Third, note that in our examples the Dirac indices contract together along 
the fermion lines. This will also happen in more complicated diagrams: 


! (Pym) ig, +m) 
! ~ U(p3) - pa — m? g pe —m? 


P3 P2 Pı Po 


-u(po). (4.117) 


Finally, let’s take a moment to worry about fermion minus signs. Return 
to the example of the fermion-fermion scattering process. We adopt a sign 
convention for the initial and final states: 


|p, k) ~ ahah |0), — (p',k'| ~ (0| akap, (4.118) 
so that (|p, &))' = (p, k|. Then the contraction 


malo Im torts 
(DUK (pt) (bv)ylP.k) ~ (Olaxap: prte YyVy aha), l0) 


can be untangled by moving Dy two spaces to the left, and so picks up a factor 
of (-1)? = +1. But note that in the contraction 


Ama. feet 
(pk ((bv)2 (Od) ylP.K) ~ (Olawap: Pawe Pyy abay 0) , 
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it is sufficient to move the Vy one space to the left, giving a factor of —1. This 
contraction corresponds to the diagram 


The full result, to lowest order, for the S-matrix element for this process 
is therefore 


(4.119) 


1 
- UP UO) pz 0) 
The minus sign difference between these diagrams is a reflection of Fermi 
statistics. Turning this expression into an explicit cross section would require 
some additional work; we postpone such calculations until Chapter 5, when 
we can work with QED instead of the less interesting Yukawa theory. 

In complicated diagrams, one can often simplify the determination of the 
minus signs by noting that the product (dw), or any other pair of fermions, 
commutes with any operator. Thus, 


ee ee A S 
= ++ Sp(z 2)Sp(2—y)Sply~w) 


But note that in a closed loop of n fermion propagators we have 


A 
o (YV) lVp ye) Weu 


} í =y yy ov py 
morris 
aan = (-1) tr[y dy dv Wy Y] 
= (-1) tr[Sp Sp Sp Sr]. (4.120) 


A closed fermion loop always gives a factor of —1 and the trace of a product 
of Dirac matrices. 
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The Yukawa Potential 


We now have all the formal rules we need to compute scattering amplitudes 
in Yukawa theory. Before going on to discuss QED, let us briefly descend from 
abstraction to concrete physics, and consider one very simple application of 
these rules: the scattering of distinguishable fermions, in the nonrelativistic 
limit. By comparing the amplitude for this process to the Born approxima- 
tion formula from nonrelativistic quantum mechanics, we can determine the 
potential V(r) created by the Yukawa interaction. 

If the two interacting particles are distinguishable, only the first dia- 
gram in (4.119) contributes. To evaluate the amplitude in the nonrelativis- 
tic limit, we keep terms only to lowest order in the 3-momenta. Thus, up to 


O(p?,p”,...), 
p=(m,p), k = (m,k), 
+ 


p = (m, p’), k’ = (m, k’). (£121) 


Using these expressions, we have 
(p' — p}? = -|p ~ p|? + Op’), 


ES 
u'(p) = vaf, ete, 
where €° is a two-component constant spinor normalized to Estes = 65%, The 
spinor products in (4.119) are then 


_ + n a + 
uw (pju (p) = 2mE?® tes = 2mé** ; 

| Ju (p) , , (4.122) 
ai” (kju (k) = 2mE" TET = WM". 


So our first physical conclusion is that the spin of each particle is separately 
conserved in this nonrelativistic scattering interaction—a pleasing result. 
Putting together the pieces of the scattering amplitude (4.119), we find 


= popPand 2m6 2m6”. (4.123) 


This should be compared with the Born approximation to the scattering am- 
plitude in nonrelativistic quantum mechanics, written in terms of the potential 
function V(x): 


(p'liTlp) = —iV (q) (27)8(Ep — Ep),  (q=p - p). (4.124) 
So apparently, for the Yukawa interaction, 
2 


> -9 
Viq)= jg? + m3 (4.125) 
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(The factors of 2m in (4.123) arise from our relativistic normalization conven- 
tions, and must be dropped when comparing to (4.124), which assumes con- 
ventional nonrelativistic normalization of states. The additional 6@)(p! — p) 
goes away when we integrate over the momentum of the target.) 

Inverting the Fourier transform to find V(x) requires a short calculation: 


dq -9 qx 
ve = | (r)? aP + m3 © 


o0 . 
_ ~g? d 2 eI — eiar 1 
Agr? 44 iqr q+ m3 
0 
9? rs qer 
= —— dg ———_. 4.126 
An ir J q g? + m? ( ) 
—0o 


The contour of this integral can be closed above in the complex plane, and 
we pick up the residue of the simple pole at g = +tmg. Thus we find 


V(r) = Ih mer (4.127) 


an attractive “Yukawa potential”, with range 1/ mg = h/mgc, the Compton 
wavelength of the exchanged boson. Yukawa made this potential the basis for 
his theory of the nuclear force, and worked backwards from the range of the 
force (about 1 fm) to predict the mass (about 200 MeV) of the required boson, 
the pion. 

What happens if instead we scatter particles off of antiparticles? For the 


process 
- - p Ak! 

file) folk) — fie )fo(k), peer 
Pp Xk 


we need to evaluate (nonrelativistically) 


D° (k)u (k') = mee", 6°) ( 3 (S) = 2m6”. (4.128) 
We must also work out the fermion minus sign. Using |p, k) = ab bh |0} and 
(p’,k’| = (0| by ap, we can write the contracted matrix element as 


Alm -hlm 
(P'k'| bv Be |p.k) = (0| bap dv Bu ahb 10). 
To untangle the contractions requires three operator interchanges, so there is 
an overall factor of —1. This cancels the extra minus sign in (4.128), and there- 
fore we see that the Yukawa potential between a fermion and an antifermion 
is also attractive, and identical in strength to that between two fermions. 
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The remaining case to consider is scattering of two antifermions. It should 
not be surprising that the potential is again attractive; there is an additional 
minus sign from changing the other ŭu into dv, and the number of interchanges 
necessary to untangle the contractions is even. Thus we conclude that the 
Yukawa potential is universally attractive, whether it is between a pair of 
fermions, a pair of antifermions, or one of each. 


4.8 Feynman Rules for Quantum Electrodynamics 


Now we are ready to step from Yukawa theory to Quantum Electrodynamics. 
To do this, we replace the scalar particle ¢ with a vector particle A,, and 
replace the Yukawa interaction Hamiltonian with 


Hin = [ez epy WA: (4.129) 


How do the Feynman rules change? The answer, though difficult to prove, is 
easy to guess. In addition to the fermion rules from the previous section, we 
have 


New vertex: u = —tey# 
Photon propagator: LAANA ANY = iIe 
<q q? + 1€ 
External photon lines: A, |P) = ha u = Enp) 
p 


a 


(pl Ay = Ey 


Photons are conventionally drawn as wavy lines. The symbol ¢,,(p) stands for 
the polarization vector of the initial- or final-state photon. 

To justify these rules, recall that in Lorentz gauge (which we employ to 
retain explicit relativistic invariance) the field equation for A, is 


aA, =0. (4.130) 


Thus each component of A separately obeys the Klein-Gordon equation (with 
m = 0). The momentum-space solutions of this equation are €, (peT? 
where p? = 0 and ¢,(p) is any 4-vector. The interpretation of € as the polar- 
ization vector of the field should be familiar from classical electromagnetism. 
If we expand the quantized electromagnetic field in terms of classical solutions 
of the wave equation, as we did for the Klein-Gordon field, we find 


A, (x) = 


ie 4 antent (p)e”*), (4.131) 


en SE 
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where r = 0,1,2,3 labels a basis of polarization vectors. The external line 
factors in the Feynman rules above follow immediately from this expansion, 
just as we obtained w’s and v’s as the external line factors for Dirac particles. 
The only subtlety is that we must restrict initial- and final-state photons to 
be transversely polarized: Their polarization vectors are always of the form 
e” = (0,€), where p -e = 0. For p along the z-axis, the right- and left-handed 
polarization vectors are e” = (0,1, +i, 0)/V2. 

The form of the QED vertex factor is also easy to justify, by simply 
looking at the interaction Hamiltonian (4.129). Note that the y matrix in a 
QED amplitude will sit between spinors or other y matrices, with the Dirac 
indices contracted along the fermion line. Note also that this interaction term 
is specific to the case of an electron (and its antiparticle, the positron). In 
general, for a Dirac particle with electric charge Qle|, 


po = igle". 


For example, an electron has Q = —1, an up quark has Q = +2/3, and a 
down quark has Qa = —1/3. 

There is no easy way to derive the form of the photon propagator, so for 
now we will settle for a plausibility argument. Since the electromagnetic field 
in Lorentz gauge obeys the massless Klein-Gordon equation, it should come 
as no surprise that the photon propagator is nearly identical to the massless 
Klein-Gordon propagator. The factor of —g,,,, however, requires explanation. 
Lorentz invariance dictates that the photon propagator be an isotropic second- 
rank tensor that can dot together the y“ and y” from the vertices at each 
end. The simplest candidate is g*”. To understand the overall sign of the 
propagator, evaluate its Fourier transform: 


dtg igw ige) [Ea 1 oiee- 
Dam ese "= fapa Come s 
Presumably this is equal to (0|T[A,(x)A,(y)] |0). Now set u = v, and take 
the limit x? — y° from the positive direction. Then this quantity becomes the 
norm of the state A„ (x) |0}, which should be positive. We see that our choice 
of signs in the propagator implies that the three states created by A;, with 
with i = 1,2,3, indeed have positive norm. These states include all real (non- 
virtual) photons, which always have spacelike polarizations. Unfortunately, 
because gu» is not positive definite, the states created by Ao inevitably have 
negative norm. This is potentially a serious problem for any theory with vector 
particles. For Quantum Electrodynamics, we will show in Section 5.5 that the 
negative-norm states created by Ag are never produced in physical processes. 
In Section 9.4 we will give a careful derivation of the photon propagator. 
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a 


The Coulomb Potential 


As asimple application of these Feynman rules, and to better understand the 
sign of the propagator, let us repeat the nonrelativistic scattering calculation 
of the previous section, this time for QED. The leading-order contribution is 


ima? B= (ie Palp up) Eak) ulk). (4.133) 
p k (p' — p) 


In the nonrelativistic limit, 
alp) u(p) = ul (p')u(p) = +2mEE. 


You can easily verify that the other terms, (p')ytu(p), vanish if p = p' = 0; 
they can therefore be neglected compared to t(p')y°u(p) in the nonrelativistic 
limit. Thus we have 

. +ie? 

iM = p pp 2s DOME") * Joo 


~ie? nt 
= p pE E)p(2ME E)r. 


(4.134) 


Comparing this to the Yukawa case (4.123), we see that there is an extra 
factor of —1; the potential is a repulsive Yukawa potential with m = 0, that 
is, a repulsive Coulomb potential: 


V(r) , (4.135) 


~ Aer 
where a = e? /4r = 1/137 is the fine-structure constant. 
For particle-antiparticle scattering, note first that 


a(k)yu(k’) = ol (k)u(k’) & +2mEre’. 


The presence of the 4° eliminates the minus sign that we found in the Yukawa 
case. The nonrelativistic scattering amplitude is therefore 


p Ak —ie? 


iM = =(-1)- 
p Rk 


pp pp tems Some), (4.136) 


where the (—1) is the same fermion minus sign we saw in the Yukawa case. This 
is an attractive potential. Similarly, for antifermion-antifermion scattering one 
finds a repulsive potential. We have just verified that in quantum field theory, 
when a vector particle is exchanged, like charges repel while unlike charges 
attract. 
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Note that the repulsion in fermion-fermion scattering came entirely from 
the extra factor —goo = —1 in the vector boson propagator. A tensor boson, 
such as the graviton, would have a propagator 


1 i 
BY AAAA pa = 5 ((-9u0)(—9ve) + ( Ipo) Ivo)) (a + =) > 
which in nonrelativistic collisions gives a factor (—go9)? = +1; this will result 
in a universally attractive potential. It is reassuring to see that quantum 
field theory does indeed reproduce the obvious features of the electric and 
gravitational forces: 


Exchanged particle ff and ff ff 

scalar (Yukawa) attractive attractive 

vector (electricity) repulsive attractive 

tensor (gravity) attractive attractive 
Problems 


4.1 Let us return to the problem of the creation of Klein-Gordon particles by a 
classical source. Recall from Chapter 2 that this process can be described by the 
Hamiltonian 


H = Ho+ J dx (-j(t,x)ó(z)), 


where Ho is the free Klein-Gordon Hamiltonian, ¢(x) is the Klein-Gordon field, and 
j(x) is a c-number scalar function. We found that, if the system is in the vacuum state 
before the source is turned on, the source will create a mean number of particles 


3 
m= fe se lle 


In this problem we will verify that statement, and extract more detailed information, 
by using a perturbation expansion in the strength of the source. 


2 
| 


(a) Show that the probability that the source creates no particles is given by 
2 


PO = [0 P{ epli fate jtor} 0) 


(b) Evaluate the term in P(0) of order j?, and show that P(0) = 1 — À + Oj), 
where À equals the expression given above for (N). 


(c) Represent the term computed in part (b) as a Feynman diagram. Now represent 
the whole pertubation series for P(0) in terms of Feynman diagrams. Show that 
this series exponentiates, so that it can be summed exactly: P(0) = exp(—). 

(d) Compute the probability that the source creates one particle of momentum k. 
Perform this computation first to O(j) and then to all orders, using the trick of 
part (c) to sum the series. 
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(e) Show that the probability of producing n particles is given by 
P(n) = (1/n!)X” exp(—A). 
This is a Poisson distribution. 


(f) Prove the following facts about the Poisson distribution: 


So P(n)=1 (N)= So nP(n) =r. 
n=0 n=0 


The first identity says that the P(n)’s are properly normalized probabilities, 
while the second confirms our proposal for (N). Compute the mean square fluc- 
tuation (N — (N))?). 


4.2 Decay of a scalar particle. Consider the following Lagrangian, involving two 
real scalar fields ® and ¢: 


L = F(u)? — 3M?®? + 30u)? — 3m? 9? — phd. 


The last term is an interaction that allows a ® particle to decay into two ¢’s, provided 
that M > 2m. Assuming that this condition is met, calculate the lifetime of the ® to 
lowest order in p. 


4.3 Linear sigma model. The interactions of pions at low energy can be described 
by a phenomenological model called the linear sigma model. Essentially, this model 
consists of N real scalar fields coupled by a ¢* interaction that is symmetric under 
rotations of the N fields. More specifically, let f(z), i = 1,..., N be a set of N fields, 
governed by the Hamiltonian 


a= [as (3a? + 3(V@")? 4 væ), 


where ($$)? = ®- ®, and 


V(?) = jm? (0)? + 30)? 


is a function symmetric under rotations of ®. For (classical) field configurations of 
*(x) that are constant in space and time, this term gives the only contribution to H; 
hence, V is the field potential energy. 

(What does this Hamiltonian have to do with the strong interactions? There 
are two types of light quarks, u and d. These quarks have identical strong interac- 
tions, but different masses. If these quarks are massless, the Hamiltonian of the strong 
interactions is invariant to unitary transformations of the 2-component object (u, d): 


(‘) —> exp(ta -o/2) (‘) 


This transformation is called an isospin rotation. If, in addition, the strong interactions 
are described by a vector “gluon” field (as is true in QCD), the strong interaction 
Hamiltonian is invariant to the isospin rotations done separately on the left-handed 
and right-handed components of the quark fields. Thus, the complete symmetry of 
QCD with two massless quarks is SU(2) x SU(2). It happens that SO(4), the group 
of rotations in 4 dimensions, is isomorphic to SU(2) x SU(2), so for N = 4, the linear 
sigma model has the same symmetry group as the strong interactions.) 
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(a) Analyze the linear sigma model for m? > 0 by noticing that, for À = 0, the 


Hamiltonian given above is exactly N copies of the Klein-Gordon Hamiltonian. 
We can then calculate scattering amplitudes as perturbation series in the pa- 
rameter À. Show that the propagator is 


(x) B (y) = 6 Dr(x—y), 


where Dp is the standard Klein-Gordon propagator for mass m, and that there 
is one type of vertex given by 


k l 
= —21dA(6 6"! + gilik 4 sik gil), 
a j 
(That is, the vertex between two &!s and two 62s has the value (—2iA); that 
between four @1s has the value (—6iA).) Compute, to leading order in À, the 


differential cross sections do/dO, in the center-of-mass frame, for the scattering 
processes 


plp? — o'o?, lpt 4 662, and lð! a9! 


as functions of the center-of-mass energy. 


(b) Now consider the case m2 < 0: m? = —:?. In this case, V has a local maximum, 


rather than a minimum, at ®* = 0. Since V is a potential energy, this implies 
that the ground state of the theory is not near ©? = 0 but rather is obtained by 
shifting ®t toward the minimum of V. By rotational invariance, we can consider 
this shift to be in the Nth direction. Write, then, 


where v is a constant chosen to minimize V. (The notation 1? suggests a pion 
field and should not be confused with a canonical momentum.) Show that, in 
these new coordinates (and substituting for v its expression in terms of \ and H), 
we have a theory of a massive ø field and N — 1 massless pion fields, interacting 
through cubic and quartic potential energy terms which all become small as 
A — 0. Construct the Feynman rules by assigning values to the propagators and 
vertices: 


Bee 


l 


m. k l 
Po XO X, X 
i j i J 


(c) Compute the scattering amplitude for the process 


n (pi) ni (p2) > n (p3) r (pa) 


(d) 


4.4 
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to leading order in À. There are now four Feynman diagrams that contribute: 


LX + Pt X 


Show that, at threshold (p; = 0), these diagrams sum to zero. (Hint: It may be 
easiest to first consider the ‘recite process mt! — 72?) for ane only the first 
and fourth diagrams are nonzero, before tackling the general case.) Show that, 


in the special case N = 2 (1 species of pion), the term of O(p?) also cancels. 


Add to V a symmetry-breaking term, 
AV = -a®%, 


where a is a (small) constant. (In QCD, a term of this form is produced if the u 
and d quarks have the same nonvanishing mass.) Find the new value of v that 
minimizes V, and work out the content of the theory about that point. Show that 
the pion acquires a mass such that m2 ~ a, and show that the pion scattering 
amplitude at threshold is now nonvanishing and also proportional to a. 


Rutherford scattering. The cross section for scattering of an electron by the 


Coulomb field of a nucleus can be computed, to lowest order, without quantizing the 
electromagnetic field. Instead, treat the field as a given, classical potential A, (x). The 
interaction Hamiltonian is 


Hy = fh edt Ag, 


where (x) is the usual quantized Dirac field. 


(a) 


(b) 


Show that the T-matrix element for electron scattering off a localized classical 
potential is, to lowest order, 


(p'iT |p) = —ieti(p')y"u(p) - Ay! — p), 


where A, p(Q) is the four-dimensional Fourier transform of A, (£). 


If A (z) is time independent, its Fourier transform contains a delta function of 
energy. It is then natural to define 


(p'iT \p) = iM - (20)6(Ey — Ei), 


where F; and Ey are the initial and final energies of the particle, and to adopt 
a new Feynman rule for computing M: 


= ~iey"A,,(q), 


where ALa ) is the three-dimensional Fourier transform of Ap (z). Given this 
definition of M, show that the cross section for scattering off a time-independent, 
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localized potential is 


1 1 dpp 1 


do = 
7 = i 2E; (27)? 2B, 


|M(pi = pp)? (27)5(Ey — Ei), 


where 1; is the particle’s initial velocity. This formula is a natural modification 
of (4.79). Integrate over |p| to find a simple expression for da /dQ. 


Specialize to the case of electron scattering from a Coulomb potential (A? = 
Ze/Arr). Working in the nonrelativistic limit, derive the Rutherford formula, 
do _ a? Z? 
dQ 4m2v4 sint (6/2) 
(With a few calculational tricks from Section 5.1, you will have no difficulty 
evaluating the general cross section in the relativistic case; see Problem 5.1.) 


Chapter 5 


Elementary Processes of 
Quantum Electrodynamics 


Finally, after three long chapters of formalism, we are ready to perform some 
real relativistic calculations, to begin working out the predictions of Quantum 
Electrodynamics. First we will return to the process considered in Chapter 1, 
the annihilation of an electron-positron pair into a pair of heavier fermions. 
We will study this paradigm process in extreme detail in the next three sec- 
tions, then do a few more simple QED calculations in Sections 5.4 and 5.5. 
The problems at the end of the chapter treat several additional QED pro- 
cesses. More complete surveys of QED can be found in the books of Jauch 
and Rohrlich (1976) and of Berestetskii, Lifshitz, and Pitaevskii (1982). 


5.1 ete” — wtp”: Introduction 


The reaction ete™ — pt po is the simplest of all QED processes, but also 
one of the most important in high-energy physics. It is fundamental to the 
understanding of all reactions in e+ e7 colliders, and is in fact used to calibrate 
such machines. The related process ete” — q@ (a quark-antiquark pair) is 
extraordinarily useful in determining the properties of elementary particles. 

In this section we will compute the unpolarized cross section for ete~ — 
pt, to lowest order. In Chapter 1 we used elementary arguments to guess 
the answer (Eq. (1.8)) in the limit where all the fermions are massless. We 
now relax that restriction and retain the muon mass in the calculation. Re- 
taining the electron mass as well would be easy but pointless, since the ratio 
Me/Mmy, œ% 1/200 is much smaller than the fractional error introduced by ne- 
glecting higher-order terms in the perturbation series. 

Using the Feynman rules from Section 4.8, we can at once draw the dia- 
gram and write down the amplitude for our process: 
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Rearranging this slightly and leaving the spin superscripts implicit, we have 
“2 
. — — e f_ — 
IM(ET (PEt P) = HRUE) = > (Bul) ) (apolt). (5.2 
This answer for the amplitude M is simple, but not yet very illuminating. 
To compute the differential cross section, we need an expression for |M|?, 
so we must find the complex conjugate of M. A bi-spinor product such as 
vyu can be complex-conjugated as follows: 
(Bytu) = al (yt P u = ut o = uto = ago. 
(This is another advantage of the ‘bar’ notation.) Thus the squared matrix 
element is 
4 
e /_ 
a (POUPA) vp) (ao k wuk). (5.2) 
At this point we are still free to specify any particular spinors u‘(p), 
v* (p’), and so on, corresponding to any desired spin states of the fermions. 
In actual experiments, however, it is difficult (though not impossible) to re- 
tain control over spin states; one would have to prepare the initial state from 
polarized materials and/or analyze the final state using spin-dependent mul- 
tiple scattering. In most experiments the electron and positron beams are 
unpolarized, so the measured cross section is an average over the electron and 
positron spins s and s’. Muon detectors are normally blind to polarization, so 
the measured cross section is a sum over the muon spins r and r’. 
The expression for |.M|? simplifies considerably when we throw away the 
spin information. We want to compute 


>93 =» 5 XO |M(s, s >r, r)’. 


The spin sums can be performed using the completeness relations from Sec- 
tion 3.3: 


|M? = 


ye us =ptm, SY v*(p)o*(p) = p—m. (5.3) 


Working with the first half of (5.2), and writing in spinor indices so we can 
freely move the v next to the 0, we have 


Ya Ua (P')yipuo (PU (py eave (P) = (P — m) aq Vhal + M)oc tea 
8,8’ 
= trace[(y’ — m)y"(p + m)y7"]. 
Evaluating the second half of (5.2) in the same way, we arrive at the desired 
simplification: 


ES MP = 5 [o-mian] [lemma 


spins 


(5.4) 
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The spinors u and v have disappeared, leaving us with a much cleaner expres- 
sion in terms of y matrices. This trick is very general: Any QED amplitude 
involving external fermions, when squared and summed or averaged over spins, 
can be converted in this way to traces of products of Dirac matrices. 


Trace Technology 


This last step would hardly be an improvement if the traces had to be la- 
boriously computed by brute force. But Feynman found that they could be 
worked out easily by appealing to the algebraic properties of the y matrices. 
Since the evaluation of such traces occurs so often in QED calculations, it is 
worthwhile to pause and attack the problem systematically, once and for all. 

We would like to evaluate traces of products of n gamma matrices, where 
n = 0,1,2,.... (For the present problem we need n = 2,3,4.) The n = 0 
case is fairly easy: tr 1 = 4. The trace of one y matrix is also easy. From the 
explicit form of the matrices in the chiral representation, we have 


0 ot 
ee 0 ) =0. 


It is useful to prove this result in a more abstract way, which generalizes to 
an arbitrary odd number of y matrices: 


try! = try yy since (7°)? =1 
= —tryyy? since {y#, 7°} =0 
=-tr apap using cyclic property of trace 
=-try". 


Since the trace of 4# is equal to minus itself, it must vanish. For n y-matrices 
we would get n minus signs in the second step (as we move the second 7° all 
the way to the right), so the trace must vanish if n is odd. 

To evaluate the trace of two y matrices, we again use the anticommutation 
properties and the cyclic property of the trace: 


try” = tr(2g"” -1 — y7") (anticommuatation) 
= 8g” — tryg” (cyclicity) 


Thus tr y#y” = 4g””. The trace of any even number of y matrices can be 
evaluated in the same way: Anticommute the first y matrix all the way to the 
right, then cycle it back to the left. Thus for the trace of four y matrices, we 
have 


tr (yyy?) = tr (2g = yaa) 
= tr (Agha? — y 2g HPT — P). 
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Using the cyclic property on the last term and bringing it to the left-hand 
side, we find 
tr (yey Py?) = gh” trg — gh? try’ a? + gh? tryg. 
= A(gh” g?? — geg + gh? g’). 

In this manner one can always reduce a trace of n y-matrices to a sum of 
traces of (n — 2) y-matrices. The case n = 6 is easy to work out, but has 
fifteen terms (the number of ways of grouping the six indices in pairs to make 
terms of the form g”g?? 9°’). Fortunately, we will not need it in this book. 
(If you ever do need to evaluate such complicated traces, it may be easier to 
learn to use one of the several computer programs that can perform symbolic 
manipulations on Dirac matrices.) 

Starting in Section 5.2, we will often need to evaluate traces involving 75. 
Since y? = iy°y17773, the trace of y° times any odd number of other y 
matrices is zero. It is also easy to show that the trace of y° itself is zero: 


tre = tr (7°74?) _ — tr(7°7°7°) — — tr(7°7°7°) =- tra, 
The same trick works for tr(y7’y°), if we insert two factors of y% for some a 
different from both u and v. The first nonvanishing trace involving y° contains 
four other y matrices. In this case the trick still works unless every y matrix 
appears, so tr(y"7”7°777°) = 0 unless (vpo) is some permutation of (0123). 
From the anticommutation rules it also follows that interchanging any two of 
the indices simply changes the sign of the trace, so tr(qy"y"’y°y77°) must be 
proportional to e#”°?. The overall constant turns out to be —4i, as you can 
easily check by plugging in (vpo) = (0123). 
Here is a summary of the trace theorems, for convenient reference: 


tr(1) =4 
tr(any odd # of y’s) = 0 
tr(yHy”) = 4g” 
trey’ yP) = Agë” g7 — gh gh? + gh? gP) (5.5) 
tr(y°) = 0 
tr(yty’7”) = 0 


tr (YP) = Ate”? 
Expressions resulting from use of the last formula can be simplified by means 
of the identities 
ECaByé = —24 
EMME any = 664, (5.6) 

CPE CA 5g = —2(6",6", — 6¥,6"5) 

All of these can be derived by first appealing to symmetry arguments, then 
evaluating one special case to determine the overall constant. 
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Another useful identity allows one to reverse the order of all the y matrices 
inside a trace: 


trâ yey? ++) = tel 7 Py" 7). (5.7) 
To prove this relation, consider the matrix C = y°y? (essentially the charge- 
conjugation operator). This matrix satisfies C? = 1 and Cy#C = —(y#)?. 


Thus if there are n y-matrices inside the trace, 
tr( g y” +++) = tr(C# C Cy” C -- +) 
T T 
= (D° trl") OP 
= tr(- yy"), 
since the trace vanishes unless n is even. It is easy to show that the reversal 
identity (5.7) is also valid when the trace contains one or more factors of 7°. 
When two y matrices inside a trace are dotted together, it is easiest to 
eliminate them before evaluating the trace. For example, 
YF Yu = Iu = guda} = Jurg” =4. (5.8) 
The following contraction identities, all easy to prove using the anticommu- 
tation relations, can be used when other y matrices lie in between: 
WY Yu = 27” 
YPP Yu = 4g"? (5.9) 
WII Yu = dy yy” 
Note the reversal of order in the last identity. 


All of the y matrix identities proved in this section are collected for ref- 
erence in the Appendix. 


Unpolarized Cross Section 


We now return to the evaluation of the squared matrix element, Eq. (5.4). 
The electron trace is 


tr[(P — me)” (P+ me)y"] = 4[p" p” + pp” — g” (p-p! + m2)]. 


The terms with only one factor of m vanish, since they contain an odd number 
of y matrices. Similarly, the muon trace is 


tr [K+ muyu — myy] = 4 [kak + krk’, — gu(k k + m?)]. 


From now on we will set me = 0, as discussed at the beginning of this section. 
Dotting these expressions together and collecting terms, we get the simple 
result 


et 
; So MP = = [Pkk + (p-k')(p k) + m2 (p-p')]. (5.10) 


spins 
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To obtain a more explicit formula we must specialize to a particular frame 
of reference and express the vectors p, p’, k, k’, and q in terms of the basic kine- 
matic variables—energies and angles—in that frame. In practice, the choice 
of frame will be dictated by the experimental conditions. In this book, we will 
usually make the simplest choice of evaluating cross sections in the center-of- 
mass frame. For this choice, the initial and final 4-momenta for ete™ — pot u” 
can be written as follows: 


k = (E,k) 
a Ik| = yE? m3 
p=(E,E2) | ~~ V 
——+ 36 ~——_W— k- Z = |k| cos6 


aA p' = (E,—E2) 
k' = (E, -k) 


To compute the squared matrix element we need 
P = (p +p)? = 4E”; p-p = 2E”; 
p-k =p'-k' = E? — E|k| cos 8; p-k! =p'-k = E? + E|k|cos8. 


We can now rewrite Eq. (5.10) in terms of E and 8: 


1 8et 
7 LIMP = [E?(E = |k| cos 8)? + E?(E + |k| cos 0)? + 2m? E? 


spins 


— et (1 + me) + (1 ~ ma) cos? o. (5.11) 


All that remains is to plug this expression into the cross-section formula 
derived in Section 4.5. Since there are only two particles in the final state and 
we are working in the center-of-mass frame, we can use the simplified formula 
(4.84). For our problem |v4 — vg| = 2 and E4 = Eg = Eem/2, so we have 


do 1 jk] 1 2 
dQ 202, 16n Em 4 2 MI 


spins 


2 m2 m2 2 
-a V R- Ét] 


Integrating over dQ, we find the total cross section: 


Ara? m2 1m? 
otal = ——4\/ 1- (14+ -—* }. 1 
total 3B, T + ) (5.13) 


(5.12) 
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Figure 5.1. Energy dependence of the total cross section for ete7 > pty, 
compared to “phase space” energy dependence. 


In the high-energy limit where E >> mp, these formulae reduce to those given 
in Chapter 1: 


do a? 
> 
dQ E>m, 4E2, 


Ara? 1 3m, \4 
total ESm, 3E2, ( 8 ( E ) =) . 

Note that these expressions have the correct dimensions of cross sections. 
In the high-energy limit, Eem is the only dimensionful quantity in the problem, 
so dimensional analysis dictates that ototal « E32. Since we knew from the 
beginning that ototal X a7, we only had to work to get the factor of Ar /3. 

The energy dependence of the total cross-section formula (5.13) near 
threshold is shown in Fig. 5.1. Of course the cross section is zero for Ecm < 
2m,,. It is interesting to compare the shape of the actual curve to the shape 
one would obtain if |M|? did not depend on energy, that is, if all the energy 
dependence came from the phase-space factor |k|/E. To test Quantum Elec- 
trodynamics, an experiment must be able to resolve deviations from the naive 
phase-space prediction. Experimental results from pair production of both 
p and 7 leptons confirm that these particles behave as QED predicts. Fig- 
ure 5.2 compares formula (5.13) to experimental measurements of the +77 
threshold. 

Before discussing our result further, let us pause to summarize how we 
obtained it. The method extends in a straightforward way to the calculation 
of unpolarized cross sections for other QED processes. The general procedure 
is as follows: 


(1 -+ cos? 0); 
(5.14) 
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Figure 5.2. The ratio o(ete” — r+7~)/alete— — wtp) of measured 
cross sections near the threshold for rtr pair-production, as measured 
by the DELCO collaboration, W. Bacino, et. al., Phys. Rev. Lett. 41, 13 
(1978). Only a fraction of r decays are included, hence the small overall 
scale. The curve shows a fit to the theoretical formula (5.13), with a small 
energy-independent background added. The fit yields m, = 178242 MeV. 


1. Draw the diagram(s) for the desired process. 

2. Use the Feynman rules to write down the amplitude M. 

3. Square the amplitude and average or sum over spins, using the complete- 
ness relations (5.3). (For processes involving photons in the final state 
there is an analogous completeness relation, derived in Section 5.5.) 

4. Evaluate traces using the trace theorems (5.5); collect terms and simplify 
the answer as much as possible. 

5. Specialize to a particular frame of reference, and draw a picture of the 
kinematic variables in that frame. Express all 4-momentum vectors in 
terms of a suitably chosen set of variables such as E and 8. 

6. Plug the resulting expression for |M|? into the cross-section formula 
(4.79), and integrate over phase-space variables that are not measured 
to obtain a differential cross section in the desired form. (In our case 
these integrations were over the constrained momenta k’ and |k|, and 
were performed in the derivation of Eq. (4.84).) 

While other calculations (especially those involving loop diagrams) often re- 
quire additional tricks, nearly every QED calculation will involve the basic 
procedures outlined here. 
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Production of Quark-Antiquark Pairs 


The asymptotic energy dependence of the ete~ — utu cross-section formula 
sets the scale for all et e~ annihilation cross sections. A particularly important 
example is the cross section for 


+ 


ee~ — hadrons, 


that is, the total cross section for production of any number of strongly inter- 
acting particles. 

In our current understanding of the strong interactions, given by the the- 
ory called Quantum Chromodynamics (QCD), all hadrons are composed of 
Dirac fermions called quarks. Quarks appear in a variety of types, called fla- 
vors, each with its own mass and electric charge. A quark also carries an 
additional quantum number, color, which takes one of three values. Color 
serves as the “charge” of QCD, as we will discuss in Chapter 17. 

According to QCD, the simplest ete~ process that ends in hadrons is 


et 


e€ >qq, 

the annihilation of an electron and a positron, through a virtual photon, into a 

quark-antiquark pair. After they are created, the quarks interact with one an- 

other through their strong forces, producing more quark pairs. Eventually the 

quarks and antiquarks combine to form some number of mesons and baryons. 
To adapt our results for muon production to handle the case of quarks, 

we must make three modifications: 


1. Replace the muon charge e with the quark charge Qleļ. 
2. Count each quark three times, one for each color. 


3. Include the effects of the strong interactions of the produced quark and 
antiquark. 


The first two changes are easy to make. For the first, it is simply necessary to 
know the masses and charges of each flavor of quark. For u, c, and t quarks 
we have Q = 2/3, while for d, s, and b quarks we have Q = —1/3. The cross- 
section formulae are proportional to the square of the charge of the final-state 
particle, so we can simply insert a factor of Q? into any of these formulae 
to obtain the cross section for production of any particular variety of quark. 
Counting colors is necessary because experiments measure only the total cross 
section for production of all three colors. (The hadrons that are actually de- 
tected are colorless.) In any case, this counting is easy: Just multiply the 
answer by 3. 

If you know a little about the strong interaction, however, you might 
think this is all a big joke. Surely the third modification is extremely difficult 
to make, and will drastically alter the predictions of QED. The amazing truth 
is that in the high-energy limit, the effect of the strong interaction on the 
quark production process can be completely neglected. As we will discuss in 
Part III, the only effect of the strong interaction (in this limit) is to dress 
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up the final-state quarks into bunches of hadrons. This simplification is due 
to a phenomenon called asymptotic freedom; it played a crucial role in the 
identification of Quantum Chromodynamics as the correct theory of the strong 
force. 

Thus in the high-energy limit, we expect the cross section for the reaction 
ete — gg to approach 3- Q? - 4ra? /3E2n. It is conventional to define 

. Ara? 86.8 nbarns 
1 unit of R= 3E2, ~ (Bon in GeV)" (5.15) 

The value of a cross section in units of R is therefore its ratio to the asymptotic 
value of the e~e~ — ptu” cross section predicted by Eq. (5.14). Experimen- 
tally, the easiest quantity to measure is the total rate for production of all 
hadrons. Asymptotically, we expect 


o(ete” — hadrons) —> 3- (Za) R, (5.16) 
Ecm 00 i 

where the sum runs over all quarks whose masses are smaller than Eom /2. 

When Fem/2 is in the vicinity of one of the quark masses, the strong interac- 

tions cause large deviations from this formula. The most dramatic such effect 

is the appearance of bound states just below Ecm = 2m, manifested as very 

sharp spikes in the cross section. 

Experimental measurements of the cross section for ete~ annihilation to 
hadrons between 2.5 and 40 GeV are shown in Fig. 5.3. The data shows three 
distinct regions: a low-energy region in which u, d, and s quark pairs are 
produced; a region above the threshold for production of c quark pairs; and 
a region also above the threshold for b quark pairs. The prediction (5.16) is 
shown as a set of solid lines; it agrees quite well with the data in each region, 
as long as the energy is well away from the thresholds where the high-energy 
approximation breaks down. The dotted curves show an improved theoretical 
prediction, including higher-order corrections from QCD, which we will discuss 
in Section 17.2. This explanation of the ete” annihilation cross section is a 
remarkable success of QCD. In particular, experimental verification of the 
factor of 3 in (5.16) is one piece of evidence for the existence of color. 

The angular dependence of the differential cross section is also observed 
experimentally.* At high energy the hadrons appear in jets, clusters of several 
hadrons all moving in approximately the same direction. In most cases there 
are two jets, with back-to-back momenta, and these indeed have the angular 
dependence (1 + cos? 0). 


*The basic features of hadron production in high-energy ete annihilation are 
reviewed by P. Duinker, Rev. Mod. Phys. 54, 325 (1982). 
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Figure 5.3. Experimental measurements of the total cross section for the 
reaction ete — hadrons, from the data compilation of M. Swartz, Phys. 
Rev. D53, 5268 (1996). Complete references to the various experiments are 
given there. The measurements are compared to theoretical predictions from 
Quantum Chromodynamics, as explained in the text. The solid line is the 
simple prediction (5.16). 
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The unpolarized cross section for a reaction is generally easy to calculate 
(and to measure) but hard to understand. Where does the (1 + cos? 0} angu- 
lar dependence come from? We can answer this question by computing the 
ete” — yt ps cross section for each set of spin orientations separately. 

First we must choose a basis of polarization states. To get a simple answer 
in the high-energy limit, the best choice is to quantize each spin along the 
direction of the particle’s motion, that is, to use states of definite helicity. 
Recall that in the massless limit, the left- and right-handed helicity states 
of a Dirac particle live in different representations of the Lorentz group. We 
might therefore expect them to behave independently, and in fact they do. 

In this section we will compute the polarized ete~ — utu cross sections, 
using the helicity basis, in two different ways: first, by using trace technology 
but with the addition of helicity projection operators to project out the desired 
left- or right-handed spinors; and second, by plugging explicit expressions for 
these spinors directly into our formula for the amplitude M. Throughout this 
section we work in the high-energy limit where all fermions are effectively 
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massless. (The calculation can be done for lower energy, but it is much more 
difficult and no more instructive.) 
Our starting point for both methods of calculating the polarized cross 
section is the amplitude 
2 


iM (e~(D)e* (pt) > HTEO) = 5 (00u) (Eat). 6D 


q 


We would like to use the spin sum identities to write the squared amplitude 
in terms of traces as before, even though we now want to consider only one 
set of polarizations at a time. To do this, we note that for massless fermions, 


the matrices 
1+% /0 0 1- /10 
2 -(6 Di 2 W0 (5.17) 


are projection operators onto right- and left-handed spinors, respectively. Thus 
if in (5.1) we make the replacement 


5 
o(p')y"u(p) — o(p')y" ( aa )u(r). 
the amplitude for a right-handed electron is unchanged while that for a left- 
handed electron becomes zero. Note that since 
5 

ae) (ato) = oto (HE), (5.18) 
this same replacement imposes the requirement that u(p’) also be a right- 
handed spinor. Recall from Section 3.5, however, that the right-handed spinor 
u(p’) corresponds to a left-handed positron. Thus we see that the annihilation 
amplitude vanishes when both the electron and the positron are right-handed. 
In general, the amplitude vanishes (in the massless limit) unless the electron 
and positron have opposite helicity, or equivalently, unless their spinors have 
the same helicity. 

Having inserted this projection operator, we are now free to sum over the 
electron and positron spins in the squared amplitude; of the four terms in the 
sum, only one (the one we want) is nonzero. The electron half of |M|?, for a 
right-handed electron and a left-handed positron, is then 


Shon (Eo = E or (AE) wnat EE ow 


spins spins 


tThe general formalism for S-matrix elements between states of definite helicity is 
presented in a beautiful paper of M. Jacob and G. C. Wick, Ann. Phys. 7, 404 (1959). 
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= 2(p'"p” + pp" — gt” p-p — ie" pg). (5-19) 


The indices in this expression are to be dotted into those of the muon half 
of the squared amplitude. For a right-handed u` and a left-handed p+, an 
identical calculation yields 


Efon (H oor) 


Dotting (5.19) into (5.20), we find that the squared matrix element for epe} > 
HRHE in the center-of-mass frame is 


= 2(ky kl + kyk! — Quirk k! —t€ppovk?k'?). (5.20) 


et 
MIP = 5 [RPK + PKO k) = t no aD gh] 


= ÈE [P-O K) + (P-RO K) = (PKK) + kK) 


16e4 ' 
= pee Rk) 


= ef (1 + cos o)’. (5.21) 
Plugging this result into (4.85) gives the differential cross section, 


do a? 
D (eRe > HREL) = IEZ (1 + cos0)”. (5.22) 


There is no need to repeat the entire calculation to obtain the other 
three nonvanishing helicity amplitudes. For example, the squared amplitude 
for eRe} —> uruh is identical to (5.20) but with y° replaced by —y° on the 
left-hand side, and thus éppov replaced by —€,,¢, on the right-hand side. 
Propagating this sign though (5.21), we easily see that 


da, _ _ ae 2 
ga EREL = LEHR) = te l! — cos 0) ` (5.23) 
Similarly, 

do, ; 4 a? 2 

zo (ELEk ` HRAL) = gra (1 — 0088)"; 

aQ 42, 

d 2 (5.24) 

o a 


ga CLER > LIER) = gpz (l +08 6)". 


(These two results actually follow from the previous two by parity invariance.) 
The other twelve helicity cross sections (for instance, ey ef —> HI H{) are zero, 
as we saw from Eq. (5.18). Adding up all sixteen contributions, and dividing 
by 4 to average over the electron and positron spins, we recover the unpolarized 
cross section in the massless limit, Eq. (5.14). 
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Figure 5.4. Conservation of angular momentum requires that if the z- 
component of angular momentum is measured, it must have the same value 
as initially. 


Note that the cross section (5.22) for eRe} — put vanishes at 0 = 180°. 
This is just what we would expect, since for 0 = 180°, the total angular mo- 
mentum of the final state is opposite to that of the initial state (see Figure 5.4). 

This completes our first calculation of the polarized ete~ — ptu“ cross 
sections. We will now redo the calculation in a manner that is more straight- 
forward, more enlightening, and no more difficult. We will calculate the am- 
plitude M (rather than the squared amplitude) directly, using explicit values 
for the spinors and y matrices. This method does have its drawbacks: It forces 
us to specialize to a particular frame of reference much sooner, so manifest 
Lorentz invariance is lost. More pragmatically, it is very cumbersome except 
in the nonrelativistic and ultra-relativistic limits. 

Consider again the amplitude 


e2 


M = 5 (o(n))v*u(p)) (ak) yu0(R")). (5.25) 


In the high-energy limit, our general expressions for Dirac spinors become 


uo = (YP) van (Geo): 


Vp a j0 +p- o) (5.26) 
vz) sal 30- Êo) 
v(p) = ( — — V2E A . 
| pra) mae PFU pog 
A right-handed spinor satisfies (p- o) = +é, while a left-handed spinor has 
(p-o)€ = —€. (Remember once again that for antiparticles, the handedness of 


the spinor is the opposite of the handedness of the particle.) We must evaluate 
expressions of the form vy”u, so we need 


mE EDE e 


5.2 ete” — utp”: Helicity Structure 145 


Thus we see explicitly that the amplitude is zero when one of the spinors is 
left-handed and the other is right-handed. In the language of Chapter 1, the 
Clebsch-Gordan coefficients that couple the vector photon to the product of 
such spinors are zero; those coefficients are just the off-block-diagonal elements 
of the matrix y?y” (in the chiral representation). 

Let us choose p and p’ to be in the +z-directions, and first consider the 
case where the electron is right-handed and the positron is left-handed: 


Thus for the electron we have € = (5), corresponding to spin up in the 2- 
direction, while for the positron we have € = (°), also corresponding to (phys- 
ical) spin up in the z-directon. Both particles have (p-0)€ = +£, so the spinors 


are 


0 0 
up) =vVÆ| fh =v | 6.28) 
0 —1 


The electron half of the matrix element is therefore 


1 


(py ulp) = 2E (0, —1)o” (o) = —2E (0,1,4,0). (5.29) 
We can interpret this expression by saying that the virtual photon has circular 
polarization in the +z-direction; its polarization vector is e4} = (1/V2)(@+79). 

Next we must calculate the muon half of the matrix element. Let the u~ 
be emitted at an angle @ to the z-axis, and consider first the case where it is 


right-handed (and the + is therefore left-handed): 
ae 
A \ z 
y = 
pt a 


To calculate u(k)y"v(k’) we could go back to expressions (5.26), but then it 
would be necessary to find the correct spinors € corresponding to polarization 
along the muon momentum. It is much easier to use a trick: Since any expres- 
sion of the form Yy” transforms like a 4-vector, we can just rotate the result 
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(5.29). Rotating that vector by an angle 0 in the xz-plane, we find 
ak) yolk’) = [oky ulk] 
= |-2E (0, cos 0, i, —sin 6)]* (5.30) 
= —2E (0, cos 6, —i, —sin 8). 
This vector can also be interpreted as the polarization of the virtual pho- 


ton; when it has a nonzero overlap with (5.29), we get a nonzero amplitude. 
Plugging (5.29) and (5.30) into (5.25), we see that the amplitude is 


2 
M(eret > uplti) = GE) cos@—1) = —e?(14+c0s6), (5.31) 


in agreement with (1.6), and also with (5.21). The differential cross section for 
this set of helicities can now be obtained in the same way as above, yielding 
(5.22). 

We can calculate the other three nonvanishing helicity amplitudes in an 
analogous manner. For a left-handed electron and a right-handed positron, we 
easily find 

0(p')y"u(p) = —2E (0,1, -i,0) = -2E- Ve". 


Perform a rotation to get the vector corresponding to a left-handed u7 and a 
right-handed p+: 
u(k)y"v(k’) = —2E (0, cos 8, i, sin 0). 
Putting the pieces together in various ways yields the remaining amplitudes, 
Melek > KIHE) = —e7(1 + cos 6); 


- _ (5.32) 
Mere} > Hil) = M(ezeh > HRHE) = —e7(1 — cos 6). 
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Now let us go to the other end of the energy spectrum, and discuss the re- 
action ete” — y+ po in the extreme nonrelativistic limit. When E is barely 
larger than m,,, our previous result (5.12) for the unpolarized differential cross 
section becomes 


do a? me a? |k| 
dQ co 2B2, V17 E2 = IRL E (5.33) 


2 
cm 


We can recover this result, and also learn something about the spin de- 
pendence of the reaction, by evaluating the amplitude with explicit spinors. 
Once again we begin with the matrix element 


2 


M = 5 (pulp) ) (akot); 
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Figure 5.5. In the nonrelativistic limit the total spin of the system is con- 
served, and thus the muons are produced with both spins up along the z-axis. 


The electron and positron are still very relativistic, so this expression will be 
simplest if we choose them to have definite helicity. Let the electron be right- 
handed, moving in the +z-direction, and the positron be left-handed, moving 
in the —z-direction. Then from Eq. (5.29) we have 


o(p')yu(p) = —2E (0, 1,2, 0). (5.34) 


In the other half of the matrix element we should use the nonrelativistic 
expressions 
£ g 
u(k) = va( o o) = va S) (5.35) 
Keep in mind, in the discussion of this section, that the spinor €’ gives the 


flipped spin of the antiparticle. Leaving the muon spinors € and €’ undeter- 
mined for now, we can easily compute 


wren = meee (F LE) 


_ fo for u = 0, 

~ { —Iméto'é’ for pp =i. (5.36) 
To evaluate M, we simply dot (5.34) into (5.36) and multiply by e?/q? = 
e?/4m?. The result is 


Mlepe? > wtp”) = —2e7¢7 (o o) č. (5.37) 


Since there is no angular dependence in this expression, the muons are equally 
likely to come out in any direction. More precisely, they are emitted in an 
s-wave; their orbital angular momentum is zero. Angular momentum conser- 
vation therefore requires that the total spin of the final state equal 1, and 
indeed the matrix product gives zero unless both the muon and the antimuon 
have spin up along the z-axis (see Fig. 5.5). 


148 Chapter 5 Elementary Processes of Quantum Electrodynamics 


To find the total rate for this process, we sum over muon spins to obtain 
M? = 4e*, which yields the cross section 


do, _ _ a? |k 
qa EREL Se) = oe (5.38) 


The same expression holds for a left-handed electron and a right-handed 
positron. Thus the spin-averaged cross section is just 2- (1/4) times this ex- 
pression, in agreement with (5.33). 


Bound States 


Until now we have considered the initial and final states of scattering processes 
to be states of isolated single particles. Very close to threshold, however, the 
Coulomb attraction of the muons should become an important effect. Just 
below threshold, we can still form pt p7 pairs in electromagnetic bound states. 

The treatment of bound states in quantum field theory is a rich and 
complex subject, but one that lies mainly beyond the scope of this book.? 
Fortunately, many of the familiar bound systems in Nature can be treated (at 
least to a good first approximation) as nonrelativistic systems, in which the 
internal motions are slow. The process of creating the constituent particles out 
of the vacuum is still a relativistic effect, requiring quantum field theory for its 
proper description. In this section we will develop a formalism for computing 
the amplitudes for creation and annihilation of two-particle, nonrelativistic 
bound states. We begin with a computation of the cross section for producing 
a utu“ bound state in ete7 annihilation. 

Consider first the case where the spins of the electron and positron both 
point up along the z-axis. From the preceding discussion we know that the 
resulting muons both have spin up, so the only type of bound state we can 
produce will have total spin 1, also pointing up. The amplitude for producing 
free muons in this configuration is 


M(TT > kit, ket) = —2e’, (5.39) 


independent of the momenta (which we now call k; and kz) of the muons. 

Next we need to know how to write a bound state in terms of free-particle 
states. For a general two-body system with equal constituent masses, the 
center-of-mass and relative coordinates are 


R= $(r1 +19), r=r,—Yro. (5.40) 
These have conjugate momenta 
K =k, + ko, k = $(k; — kə). (5.41) 


The total momentum K is zero in the center-of-mass frame. If we know the 
force between the particles (for pty, it is just the Coulomb force), we can 


TReviews of this subject can be found in Bodwin, Yennie, and Gregorio, Rev. 
Mod. Phys. 57, 723 (1985), and in Sapirstein and Yennie, in Kinoshita (1990). 
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solve the nonrelativistic Schrödinger equation to find the Schrödinger wave- 
function, y(r). The bound state is just a linear superposition of free states 
of definite r or k, weighted by this wavefunction. For our purposes it is more 
convenient to build this superposition in momentum space, using the Fourier 
transform of y(r): 


~ , 3 pa 2 
w(k) = J dx e™Ty(r); f ay Pw] =1. (5.42) 


If y(r) is normalized conventionally, w(k) gives the amplitude for finding a 
particular value of k. An explicit expression for a bound state with mass 
M = 2m, momentum K = 0, and spin 1 oriented up is then 


Ëk ~ 1 1 
1B) = vV | 0) akk 643) 
The factors of (1/vV2m) convert our relativistically normalized free-particle 
states so that their integral with w(k) is a state of norm 1. (The factors 
should involve \/2E+,, but for a nonrelativistic bound state, |k| < m.) The 
outside factor of \/2M converts back to the relativistic normalization assumed 
by our formula for cross sections. These normalization factors could easily be 
modified to describe a bound state with nonzero total momentum K. 
Given this expression for the bound state, we can immediately write down 
the amplitude for its production: 


1 1 
V2m V2m 


Since the free-state amplitude from (5.39) is independent of the momenta of 
the muons, the integral over k gives ~*(0), the position-space wavefunction 
evaluated at the origin. It is quite natural that the amplitude for creation of 
a two-particle state from a pointlike virtual photon should be proportional to 
the value of the wavefunction at zero separation. Assembling the pieces, we 
find that the amplitude is simply 


Bk ~, 
MUT > B) = VM | gW M(t kT, -k 1). (5.44) 


M(t > B) = Vew o. (5.45) 


In a moment we will compute the cross section from this amplitude. First, 
however, let us generalize this discussion to treat bound states with more 
general spin configurations. The analysis leading up to (5.37) will cast any S- 
matrix element for the production of nonrelativistic fermions with momenta 
k and —k into the form of a spin matrix element 


iM(something — k, k’) = é'[P(k)]é’, (5.46) 


where I'(k) is some 2 x 2 matrix. We now must replace the spinors with a nor- 
malized spin wavefunction for the bound state. In the example just completed, 
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we replaced 


0 0 0 
via (f)a 0)=({ o) (5.47) 
More generally, a spin-1 state is obtained by the replacement 
1 
‘ct _, —_n’-o, 5.48 
EE Z (5.48) 


where n is a unit vector. Choosing n = (ĉ + iĝ)/v2 gives back (5.47), while 
the choices n = (ĉ — iĝ)/v2 and n = 2 give the other two spin-1 states 
Ll and (t| + 11)/v2. (The relative minus sign in (5.48) for this last case 
comes from the rule (3.135) for the flipped spin.) Similarly, the spin-zero 
state (T| — 11)/ v2 is given by the replacement 


eel 4 —1 (5.49) 


involving the 2 x 2 unit matrix. With these rules, we can convert an S-matrix 
element of the form (5.46) quite generally into an S-matrix element for pro- 
duction of a bound state at rest: 


iM(something > B) = lz f cs *(k) (2 r(k)), (5.50) 


where the trace is taken over 2-component spinor indices. For a spin-0 bound 
state, replace n-o by the unit matrix. 


Vector Meson Production and Decay 


Equation (5.45) can be straightforwardly converted into a cross section for 
production of pu~ bound states in e+e~ annihilation. To make it easier to 
extract all the physics in this equation, let us introduce polarization vectors 
for the initial and final spin configurations: e€} = (#+79)/V/2, from Eq. (5.29), 
and n, from Eq. (5.48). Then (5.45) can be rewritten in a more invariant form 
as 


M(ene? > B) = a (—2e”) (n* - €,) y” (0). (5.51) 


The bound state spin polarization n is projected parallel to e}. Note that if 
the electrons are initially unpolarized, the cross section for production of B 
will involve the polarization average 


pint epl? + n*e) = F (00)? + 0) (5.52) 


Thus, the bound states produced will still be preferentially polarized along 
the ete” collision axis. 
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Assuming an unpolarized electron beam, and summing (5.52) over the 
three possible directions of n, we find the following expression for the total 
cross section for production of the bound state: 


11 1 eK 1 
22m 2m J (27r)’ 2Ek 


olete" > B) = (2n)'8(p+-p!—K)-> UA WOR. 


(5.53) 
Notice that the 1-body phase space integral can remove only three of the 
four delta functions. It is conventional to rewrite the last delta function using 
6(P° — K?) = 2K°6(P? — K?). Then 


o(ete” — B) = 64r’ a li A §(E2, — M*). (5.54) 


The last delta function enforces the constraint that the total center-of-mass 
energy must equal the bound-state mass; thus, the bound state is produced 
as a resonance in ete” annihilation. If the bound state has a finite lifetime, 
this delta function will be broadened into a resonance peak. In practice, the 
intrinsic spread of the ete~ beam energy is often a more important broad- 
ening mechanism. In either case, (5.54) correctly predicts the area under the 
resonance peak. 

If the bound state B can be produced from ete, it can also annihilate 
back to ete”, or to any other sufficiently light lepton pair. According to (4.86), 
the total width for this decay mode is given by 


T(B = ete) = ~ [am |M}?, (5.55) 


where M is just the complex conjugate of the matrix element (5.51) we used 
to compute B production. Thus 


tom J (a (n) 5 OJP (In -e + me"), (5.56) 


Now we must sum over electron polarization states and average over the three 
possible values of n. We thus obtain 


16ra? |y(0)|? 
3 M? 


The formula for the decay width of B is very similar to that for the production 
cross section, and this is no surprise: Both calculations involve the square of 
the same matrix element, summed over initial and final polarizations. The two 
calculations differed only in how we formed the polarization averages, and in 
the phase-space factors. By this logic, the relation we have found between the 
two quantities, 


T(B > ete) = (5.57) 


3T (B — ete” 


Wi ) (Eža ~ M°’), (5.58) 


o(ete” > B) =4r°. 
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is very general and completely independent of the details of the matrix element 
computation. The factor 3 in (5.58) came from the orientation average for n; 
for a spin-J bound state, this factor would be (2J + 1). 

The most famous application of this formalism is to bound states not of 
muons but of quarks: quarkonium. We saw the experimental evidence for qq 
bound states (the J/ and T, for example) in Fig. 5.3. (The resonance peaks 
are much too high and too narrow to show in the figure, but their sizes have 
been carefully measured.) Equations (5.54) and (5.57) must be multiplied 
by a color factor of 3 to give the production cross section and decay width 
for a spin-1 gg bound state. The value w(0) of the qq wavefunction at the 
origin cannot be computed from first principles, but can be estimated from 
a nonrelativistic model of the gq spectrum with a phenomenologically chosen 
potential. Alternatively, we can use the formula 


T'(B(qq) > ete”) = 16 rag? LOL )P 


(5.59) 
to measure 7(0) for a gq bound state. For example, the 19 spin-1 state of s3, 
the ¢ meson, has an ete” partial width of 1.4 keV and a mass of 1.02 GeV. 
From this we can infer |7(0)|? = (1.2 fm)~*. This result is physically reason- 
able, since hadronic dimensions are typically ~1 fm. 

Our viewpoint in this section has been quite different from that of earlier 
sections: Instead of computing everything from first principles, we have pieced 
together an approximate formula using a bit of quantum field theory and a bit 
of nonrelativistic quantum mechanics. In principle, however, we could treat 
bound states entirely in the relativistic formalism. Consider the annihilation 
of an ete” pair to form a ytu bound state, which subsequently decays back 
into ete~. In our present formalism we might represent this process by the 
diagram 

e7 et 


— et 


The net process is simply e'e~ — ete” (Bhabha scattering). What would 
happen if we tried to compute the Bhabha scattering cross section directly in 
QED perturbation theory? Obviously there is no wtp contribution in the 
tree-level diagrams: 
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As we go to higher orders in the perturbation series, however, we find (among 
others) the following set of diagrams: 


At most values of Eem, these diagrams give only a small correction to the 
tree-level expression. But when Eem is near the "p~ threshold, the dia- 
grams involving the exchange of photons within the muon loop contain the 
Coulomb interaction between the muons, and therefore become quite large. 
One must sum over all such diagrams, and it can be shown that this sum- 
mation is equivalent to solving the nonrelativistic Schrédinger equation.* The 
final prediction is that the cross section contains a resonance peak, whose area 
is given by (5.54) and whose width is given by (5.57). 


5.4 Crossing Symmetry 


Electron-Muon Scattering 


Now that we have completed our discussion of the process ete~ —> pty”, 
let us consider a different but closely related QED process: electron-muon 
scattering, or ey — ep. The lowest-order Feynman diagram is just the 
previous one turned on its side: 


e` H 


The relation between the processes ete — pty and e7u7 — e pw be 
comes clear when we compute the squared amplitude, averaged and summed 
over spins: 


4 
7 MP = fa [Wim mey] to (Bs +0, 9p H+ 74 
spins 


This is exactly the same as our result (5.4) for ete” — pty, with the 
replacements 


PoP, Pop, kop, kh > -p2 (5.60) 


*This analysis is carried out in Berestetskii, Lifshitz, and Pitaevskii (1982). 
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So instead of evaluating the traces from scratch, we can just make the same 
replacements in our previous result, Eq. (5.10). Setting me = 0, we find 


1 8e4 
i do IMP = (PrP )(P4 -p2) + (p1-p2)(P1-P2) — mlp pi). (5-61) 
spins q 
To evaluate this expression, we must work out the kinematics, which will 
be completely different. Working in the center-of-mass frame, we make the 
following assignments: 


The combinations we need are 
PiP2 =P p3 =k(E +k); py-p2=pi-ph = k(E + kcos8); 
Pip, = k?(1 — cos); Ê = —2p,-p, = —2k?(1 — cos 8). 
Our expression for the squared matrix element now becomes 
1 5 |M}? = ar ey (EHH HEH cos 0)? —m2 (1—cos 0). (5.62) 
4 k?(1 — cos 6)? i 


7 Ci 
spins 


To find the cross section from this expression, we use Eq. (4.84), which in 
the case where one particle is massless takes the simple form 


do _ |M]? 
(aa 64m? (E + k)?” (5-63) 


Thus we have our result for unpolarized electron-muon scattering in the 
center-of-mass frame: 


wo 
dQ  2k?(E+k)?(1— cos @) 


where k = y E? — mZ. In the high-energy limit where we can set m, = 0, the 
differential cross section becomes 


5 (E+) HE+ cos 0)?—m? (1—cos 0)) , (5.64) 


do a? 
= 44+ (14 2 . . 
dQ 2E2,(1—cosd)? (4+ (1 + cos0)?) (5.65) 


Note the singular behavior 
do 


1 
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of formulae (5.64) and (5.65). This singularity is the same as in the Rutherford 
formula (Problem 4.4). Such behavior is always present in Coulomb scattering; 
it arises from the nearly on-shell (that is, q? ~ 0) virtual photon. 


Crossing Symmetry 


The trick we made use of here, namely the relation between the two processes 
ete” > pt and eu — ep, is our first example of a type of relation 
known as crossing symmetry. In general, the S-matrix for any process involv- 
ing a particle with momentum p in the initial state is equal to the S-matrix for 


an otherwise identical process but with an antiparticle of momentum k = —p 
in the final state. That is, 
M(6(p) + +) = M(--- 3+ + olk), (5.67) 


where ġ is the antiparticle of ġ and k = —p. (Note that there is no value of p for 
which p and k are both physically allowed, since the particle must have p? > 0 
and the antiparticle must have k? > 0. So technically, we should say that either 
amplitude can be obtained from the other by analytic continuation.) 

Relation (5.67) follows directly from the Feynman rules. The diagrams 
that contribute to the two amplitudes fall into a natural one-to-one correspon- 
dence, where corresponding diagrams differ only by changing the incoming @ 
into the outgoing ¢. A typical pair of diagrams looks like this: 


In the first diagram, the momenta q; coming into the vertex from the rest of 
the diagram must add up to —p, while in the second diagram they must add 
up to k. Thus the two diagrams are equal, except for any possible difference in 
the external leg factors, if p = —k. If ¢ is a spin-zero boson, there is no external 
leg factor, so the identity is proved. If ¢ is a fermion, the analysis becomes 
more subtle, since the relation depends on the relative phase convention for 
the external spinors u and v. If we simply replace p by —k in the fermion 
polarization sum, we find 


X` u(p)ii(p) = p+ m =-(¥- m) = — Y > of kya). (5.68) 


The minus sign can be compensated by changing our phase convention for 
v(k). In practice, it is easiest to cancel by hand one minus sign for each 
crossed fermion. With appropriate conventions for the spinors u(p) and v(k), 
it is possible to prove the identity (5.67) without spin-averaging. 
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Mandelstam Variables 


It is often useful to express scattering amplitudes in terms of variables that 
make it easy to apply crossing relations. For 2-body — 2-body processes, this 
can be done as follows. Label the four external momenta as 


We now define three new quantities, the Mandelstam variables: 


s= (p+p')? = (k+ k’)?; 
t= (k — p)? = (k' — p')’; (5.69) 


u= (k =p} = (k - p'}?. 


The definitions of t and u appear to be interchangeable (by renaming k — k’); 
it is conventional to define t as the squared difference of the initial and final 
momenta of the most similar particles. For any process, s is the square of the 
total initial 4-momentum. Note that if we had defined all four momenta to be 
ingoing, all signs in these definitions would be +. 

To illustrate the use of the Mandelstam variables, let us first consider 
the squared amplitude for ete~ — yt, working in the massless limit for 
simplicity. In this limit we have t = —2p-k = —2p' - k' and u = —2p-k! = 
—2p'- k, while of course s = (p +p’)? = q?. Referring to our previous result 
(5.10), we find 


Em- OHG ew 
et 


To convert to the process e7 y~ — e7 u”, we turn the diagram on its side 
and make use of the crossing relations, which become quite simple in terms 
of Mandelstam variables. For example, the crossing relations tell us to change 
the sign of p', the positron momentum, and reinterpret it as the momentum 
of the outgoing electron. Therefore s = (p + p')? becomes what we would 
now call t, the difference of the outgoing and incoming electron momenta. 
Similarly, t becomes s, while u remains unchanged. Thus for e7 W >e, 
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we can immediately write down 


e` H 


1 2 Berre? uy? 
- = —|(= ~) |. 5.71 
pme] om 
e7 u 
You can easily check that this agrees with (5.61) in the massless limit. Note 
that while (5.70) and (5.71) look quite similar, they are physically very dif- 
ferent: The denominator of the first is just s$ = Efn, but that of the second 
involves t, which depends on angles and goes to zero as 6 — 0. 
When a 2-body — 2-body diagram contains only one virtual particle, it 
is conventional to describe that particle as being in a certain “channel”. The 
channel can be read from the form of the Feynman diagram, and each channel 


leads to a characteristic angular dependence of the cross section: 


Da 


s-channel: ġ' M x 


ANY 


u-channel: 


2 
-m 
u — mg 


In many cases, a single process will receive contributions from more than 
one channel; these must be added coherently. For example, the amplitude for 
Bhabha scattering, ete — ete”, is the sum of s- and t-channel diagrams; 
Moller scattering, e~ e7 — e7 e7, involves t- and u-channel diagrams. 

To get a better feel for s, t, and u, let us evaluate them explicitly in the 
center-of-mass frame for particles all of mass m. The kinematics is as usual: 


158 Chapter 5 Elementary Processes of Quantum Electrodynamics 


Thus the Mandelstam variables are 


s = (p+ p)? = (2EY = Boni 


cm? 


t= (k — p}? = —p* sin? 6 — p?(cos@ — 1)? = —2p?(1 — cos 8); (5.72) 
u = (k' — p}? = —p° sin? 6 — p? (cos 0 + 1)? = —2p?(1 + cos0). 


Thus we see that t — 0 as 0 — 0, while u — 0 as 6 — m. (When the masses 
are not all equal, the limiting values of t and u will shift slightly.) 

Note from (5.72) that when all four particles have mass m, the sum of 
the Mandelstam variables is s + t + u = 4E? — 4p? = 4m?. This is a special 
case of a more general relation, which is often quite useful: 


4 
sti+u= Som}, (5.73) 
i=1 
where the sum runs over the four external particles. This identity is easy 
to prove by adding up the terms on the right-hand side of Eqs. (5.69), and 
applying momentum conservation in the form (p + p' — k — k’)? = 0. 


5.5 Compton Scattering 


We now move on to consider a somewhat different QED process: Compton 
scattering, or e~y — ey. We will calculate the unpolarized cross section 
for this reaction, to lowest order in a. The calculation will employ all the 
machinery we have developed so far, including the Mandelstam variables of 
the previous section. We will also develop some new technology for dealing 
with external photons. 

This is our first example of a calculation involving two diagrams: 


U 


Py Ak P 4 


be Sh kA 4p 


As usual, the Feynman rules tell us exactly how to write down an expression 
for M. Note that since the fermion portions of the two diagrams are identical, 
there is no relative minus sign between the two terms. Using €,(k) and ež (k') 
to denote the polarization vectors of the initial and final photons, we have 


Ak! 


iM = U(p')(—iey")e (k’) ae me ey” Je, (k)u(p) 
i(p — K +m) 


+ alp (iey Neu (Ie) ene m OT eal uP) 
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= —ie’e* (k')e,(k) u(y’) ee + eect u(p). 


We can make a few simplifications before squaring this expression. Since 
p? = m? and k? = 0, the denominators of the propagators are 


(p + k}? - m? = 2p- k and (p — k}? —m? = —2p-K'. 
To simplify the numerators, we use a bit of Dirac algebra: 
(p+ m)y"ulp) = (2p — Yp +y m)ulp) 
= 2p’u(p) — y” (p — m)u(p) 
= 2p" u(p). 
Using this trick on the numerator of each propagator, we obtain 


o n [Kp my Egey p" 
iM = ~ie Per (kev (k) U(p’) Sp-k Tap W u(p). (5.74) 


Photon Polarization Sums 


The next step in the calculation will be to square this expression for M 
and sum (or average) over electron and photon polarization states. The sum 
over electron polarizations can be performed as before, using the identity 
Su(p)u(p) = p+ m. Fortunately, there is a similar trick for summing over 
photon polarization vectors. The correct prescription is to make the replace- 
ment 

5 Env —> Iu (5.75) 


polarizations 


The arrow indicates that this is not an actual equality. Nevertheless, the re- 
placement is valid as long as both sides are dotted into the rest of the expres- 
sion for a QED amplitude M. 

To derive this formula, let us consider an arbitrary QED process involving 
an external photon with momentum &k: 


= iM(k) = iM" (k)e* (k). (5.76) 


Since the amplitude always contains e} (k), we have extracted this factor and 
defined M¥ (k) to be the rest of the amplitude M. The cross section will be 
proportional to 


dale k)M# Wl? =¢ ge M" (k) M” (k). 
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For simplicity, we orient k in the 3-direction: k# = (k,0,0, k). Then the two 
transverse polarization vectors, over which we are summing, can be chosen to 
be 

ef = (0,1, 0,0); eS = (0,0,1,0). 


With these conventions, we have 


Sole (Me (K)|? = MEK)? + ME]. (5.77) 


Now recall from Chapter 4 that external photons are created by the in- 
teraction term f d*xej"A,, where j” = pyty is the Dirac vector current. 
Therefore we expect M” (k) to be given by a matrix element of the Heisen- 
berg field 7#: 


Mi (ky = faeet (fije, (5.78) 


where the initial and final states include all particles except the photon in 
question. 

From the classical equations of motion, we know that the current jt is 
conserved: 0,,j"(z) = 0. Provided that this property still holds in the quantum 
theory, we can dot k, into (5.78) to obtain 


k,M#(k) = 0. (5.79) 


The amplitude M vanishes when the polarization vector €a (k) is replaced 
by k,. This famous relation is known as the Ward identity. It is essentially 
a statement of current conservation, which is a consequence of the gauge 
symmetry (4.6) of QED. We will give a formal proof of the Ward identity in 
Section 7.4, and discuss a number of subtle points skimmed over in this quick 
“derivation”. 

It is useful to check explicitly that the Compton amplitude given in (5.74) 
obeys the Ward identity. To do this, replace €,(k) by k, or ex (k) by ki, and 
manipulate the Dirac matrix products. In either case (after a bit of algebra) 
the terms from the two diagrams cancel each other to give zero. 

Returning to our derivation of the polarization sum formula (5.75), we 
note that for k” = (k,0,0,k), the Ward identity takes the form 


kM°(k) — kM3(k) = 0. (5.80) 
Thus M? = M3, and we have 
So eje ME (ELM’*(k) = MIP + MPP 
l = |M + |M? + MË — M° 
= -g uy ME (k) M”* (k). 


That is, we may sum over external photon polarizations by replacing X` En Ev 
with —gyy- 
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Note that this proves (pending our general proof of the Ward identity) 
that the unphysical timelike and longitudinal photons can be consistently 
omitted from QED calculations, since in any event the squared amplitudes 
for producing these states cancel to give zero total probability. The negative 
norm of the timelike photon state, a property that troubled us in the discussion 
after Eq. (4.132), plays an essential role in this cancellation. 


The Klein-Nishina Formula 


The rest of the computation of the Compton scattering cross section is 
straightforward, although it helps to be somewhat organized. We want to 
average the squared amplitude over the initial electron and photon polariza- 
tions, and sum over the final electron and photon polarizations. Starting with 
expression (5.74) for M, we find 


1 2 _ rey ERE DY oi let 
4 D |M] = y Jue Guo edo -m)[ 2p-k j 2p-k' 


spins 


F UNP 1 IAP ye P fly? — IAT pP 
(+m) |2 KIPEPO PKN ve 


2p-k 2p-k' 
-2| I =O uu wv 
4 len: T Oph) Qp-k) OPKp) ol (5.81) 


where I, II, III, and IV are complicated traces. Note that TV is the same 
as I if we replace k with —k’. Also, since we can reverse the order of the y 
matrices inside a trace (Eq. (5.7)), we see that II = III. Thus we must work 
only to compute I and II. 

The first of the traces is 


T= tr[(p +m) (9 By” + 2p (+ m) (u Kyu + 2%uv)). 


There are 16 terms inside the trace, but half contain an odd number of y 
matrices and therefore vanish. We must now evaluate the other eight terms, 
one at a time. For example, 


tr[P A Hy” Pv Kyu] = tr [(-29") K-29) k] 
= tr[4p’ K(2p-k — Kp) 
= 8p-k trip" k] 
= 32(p-k)(p'-k). 


By similar use of the contraction identities (5.8) and (5.9), and other Dirac 
algebra such as pø = p? = m?, each term in I can be reduced to a trace of no 
more than two y matrices. When the smoke clears, we find 


I = 16(4m' — 2m?p-p! + 4m7p-k —2m7p!-k+2(p-k)(p'-k)). (5.82) 
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Although it is not obvious, this expression can be simplified further. To 
see how, introduce the Mandelstam variables: 
s= (p+ k}? = 2p-k +m? = 2p'-k! +m?: 
t= (p — p}? = —2p-p! + 2m? = —2k-k'; (5.83) 


u= (k' = p} = —2k' -p + m? = —-2k-p! + m?. 


Recall from (5.73) that momentum conservation implies s+t+u = 2m?. Writ- 
ing everything in terms of s, t, and u, and using this identity, we eventually 
obtain 


I = 16(2m* + m?(s — m’) — i (s —m?)(u m?)). (5.84) 


Sending k + —k’, we can immediately write 


IV = 16(2m* + m?(u—m?) — t(s m?)(u—m?)). (5.85) 


Evaluating the traces in the numerators II and III requires about the same 
amount of work as we have just done. The answer is 


II = III = —8(4m* + m?(s — m?) + m?(u—m?)). (5.86) 


Putting together the pieces of the squared matrix element (5.81), and rewriting 
s and u in terms of p- k and p- k’, we finally obtain 


1 2_ gal Pk pk | af 1 lL) afl 1 \2 
12 MI 2e E pk H2m (= ok) rm (= oF) . (5.87) 


To turn this expression into a cross section we must decide on a frame of 
reference and draw a picture of the kmematics. Compton scattering is most 
often analyzed in the “lab” frame, in which the electron is initially at rest: 


ki = (w’,w’ sin 8, 0, w cos 6) 


Before: After: oats 
0 


`% 
LILI © , is . -- 


p= (E',p') 
We will express the cross section in terms of w and @. We can find w’, the 
energy of the final photon, using the following trick: 


m? = (p')? = (p+ k—k’)? =p? +.2p-(k—k’) ~ 2k-k! 


= m + 2m(w — w’) — 2ww' (1 — cos 8), 


1 1 1 
hence, — —— = — (l — cos0). (5.88) 
m 
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The last line is Compton’s formula for the shift in the photon wavelength. For 
our purposes, however, it is more useful to solve for w’: 


w= (5.89) 


1+ "a — cos 0) 
m 


The phase space integral in this frame is 


Ëk L < 1 
dll Dk p — bk — 
f 2= loa ony 3 (2 TYEE (ke +p p) 


J (a saa dQ 1 
~ (27)3 4w BE! 
x 2r lw + ymw? +w)? —2ww' cosh — w — m) 
dcos@ w’ 1 
7 2r AE’ i+ w’ — woos 6 


B | 


=, [acs EET) 
1 1\2 
== J d cos8 e . (5.90) 


Plugging everything into our general cross-section formula (4.79) and setting 
lva — vg| = 1, we find 


do 1 1 1 (w)? fl 2 
dcos@ 2w2m 8r wm G IM ). 


spins 


To evaluate |M|?, we replace p- k = mw and p: k’ = mw” in (5.87). The 
shortest way to write the final result is 


do ma? pu! \2[w w 9 
dceosð m? (z) È Ey Se o|, (5.91) 


where w’/w is given by (5.89). This is the (spin-averaged) Klein-Nishina for- 
mula, first derived in 1929." 
In the limit w — 0 we see from (5.89) that w’/w — 1, so the cross section 


becomes q 2 
o Sra 
5) z q -+ cos 20); Ototal = Bm2” 


This is the familiar Thomson cross section for scattering of classical electro- 
magnetic radiation by a free electron. 


5.92 
dcos6 m (5.92) 


tO. Klein and Y. Nishina, Z. Physik, 52, 853 (1929). 
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High-Energy Behavior 


To analyze the high-energy behavior of the Compton scattering cross section, 
it is easiest to work in the center-of-mass frame. We can easily construct the 
differential cross section in this frame from the invariant expression (5.87). 
The kinematics of the reaction now looks like this: 


ki = (w,w sin 6, 0, w cos 8) 


b= (ows) | \0 p-k=u(E +w) 
PDhALRI > 3E —— p-k = w(E + w cos 0) 
p = (E, —w2) 2 2 2 
E =w +m 
p 


Plugging these values into (5.87), we see that for 0 = a, the term p-k/p-k’ 
becomes very large, while the other terms are all of O(1) or smaller. Thus for 
E> m and 0 & 7, we have 


1 2 a pk 4 E+w 
— a 2e”. = 2e". ——. 5.93 
jl e p-k ° E +wcos0 (5.93) 
The cross section in the CM frame is given by (4.84): 

dr _1 1 1 w 2et(E +w) 

dcos6 2 2E Ww (2rM(E+w) E+wcosé 
orn? (5.94) 

Ta 


~ Om? + s(1 + cos) 


Notice that, since s > m?, the denominator of (5.94) almost vanishes 
when the photon is emitted in the backward direction (@ ~ 7). In fact, the 
electron mass m could be neglected completely in this formula if it were not 
necessary to cut off this singularity. To integrate over cos@, we can drop the 
electron mass term if we supply an equivalent cutoff near @ = 7. In this way, 
we can approximate the total Compton scattering cross section by 


1 


i do 2ra? 1 
d(cos 8) x d(cos 0) —————~ (5.95) 
j j ac, 


dcos@” s 1 + cos 6)" 
—1+2m?/s 
Thus, we find that the total cross section behaves at high energy as 


2ra? 8 
total = 3 log (5) . (5.96) 


The main dependence a?/s follows from dimensional analysis. But the singu- 
larity associated with backward scattering of photons leads to an enhancement 
by an extra logarithm of the energy. 
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Let us try to understand the physics of this singularity. The singular term 
comes from the square of the u-channel diagram, 


p SA, 
= ie ey (kee (hk alp)" 


p Kk 


e ap). (5.97) 


The amplitude is large at 0 ~ m because the denominator of the propagator 
is then small (~m?) compared to s. To be more precise, define x = 1 — 0. We 
will be interested in values of x that are somewhat larger than m/w, but still 
small enough that we can approximate 1 — cos x œ% x?/2. For x in this range, 
the denominator is 


2 
(p—k')? —m? = —2p-k' & — 20? (55 +1-— cos x) x —(w?° xX +m’). (5.98) 
This is small compared to s over a wide range of values for x, hence the 
enhancement in the total cross section. 

Looking back at (5.93), we see that for x such that m/w < x < 1, the 
squared amplitude is proportional to 1/y?, and hence we expect M œ 1/x. 
But we have just seen that the denominator of M is proportional to x7, so 
there must be a compensating factor of x in the numerator. We can understand 
the physical origin of that factor by looking at the amplitude for a particular 
set of electron and photon polarizations. 

Suppose that the initial electron is right-handed. The dominant term of 
(5.97) comes from the term that involves (# — #’) in the numerator of the 
propagator. Since this term contains three y-matrices in (5.97) between the 
a and the u, the final electron must also be right-handed. The amplitude is 
therefore 
T (p-k) v 


j7 urlp), (5.99) 


iM = miee (k (k un Po" a a 


where 


un(p) = V2E(") and ur’) = VÆ (5). (5.100) 


If the initial photon is left-handed, with ¢,(k) = (1/V2)(0, 1, —i, 0), then 


aenlt)=(Jo o) 


and the combination u},(p')o"e,,(k) vanishes. The initial photon must there- 
fore be right-handed. Similarly, the amplitude vanishes unless the final photon 
is right-handed. The kinematic situation for this set of polarizations is shown 
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Before: 


After: 


Figure 5.6. In the high-energy limit, the final photon is most likely to be 
emitted at backward angles. Since helicity is conserved, a unit of spin angular 
momentum is converted to orbital angular momentum. 


in Fig. 5.6. Note that the total spin angular momentum of the final state is 
one unit less than that of the initial state. 

Continuing with our calculation, let us consider the numerator of the 
propagator in (5.99). For y in the range of interest, the dominant term is 


—al(p—k')! = o! - wx. 


This is the factor of x anticipated above. It indicates that the final state is 
a p-wave, as required by angular momentum conservaton. Assembling all the 
pieces, we obtain 


wX 7 4e* y 

CRE my PEN Sa ae 

(5.101) 
We would find the same result in the case where all initial and final particles 
are left-handed. 

Notice that for directly backward scattering, x = 0, the matrix element 
(5.101) vanishes due to the angular momentum zero in the numerator. Thus, 
at angles very close to backward, we should also take into account the mass 
term in the numerator of the propagator in (5.97). This term contains only two 
gamma matrices and so converts a right-handed electron into a left-handed 
electron. By an analysis similar to the one that led to Eq. (5.101), we can 
see that this amplitude is nonvanishing only when the initial photon is left- 
handed and the final photon is right-handed. Following this analysis in more 
detail, we find 


Menyr > ERYR) X e V2EV2 


4e?m/w 


>: 5.102 
x? +m? Jw? ( ) 


M(eRYL `> ELIR) © 
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The reaction with all four helicities reversed gives the same matrix element. 

To compare this result to our previous calculations, we should add the 
contributions to the cross section from (5.101) and (5.102) and equal con- 
tributions for the reactions involving initial left-handed electrons, and divide 
by 4 to average over initial spins. The unpolarized differential cross section 
should then be 


do 11 1 w 8e4x? + 8etm? /w? 
dcos@ 22E 2w (27) 4(E +w) | (x2 + m?/w?)? (x? + m?/w?)? 
4 2 
7a (5.103) 


~ s(x? + 4m? /s)’ 


which agrees precisely with Eq. (5.94). 

The importance of the helicity-flip process (5.102) just at the kinematic 
endpoint has an interesting experimental consequence. Consider the process 
of inverse Compton scattering, a high-energy electron beam colliding with 
a low-energy photon beam (for example, a laser beam) to produce a high- 
energy photon beam. Let the electrons have energy FE and the laser photons 
have energy w, let the energy of the scattered photon be E’ = yE, and 
assume for simplicity that s = 4Eq@ >> m?. Then the computation we have 
just done applies to this situation, with the highest energy photons resulting 
from scattering that is precisely backward in the center-of-mass frame. By 
computing 2k-k’ in the center-of-mass frame and in the lab frame, it is easy 
to show that the final photon energy is related to the center-of-mass scattering 
angle through 7 

xl x1- X 
yr oC cos @) = 1 I 
Then Eq. (5.103) can be rewritten as a formula for the energy distribution of 
backscattered photons near the endpoint: 


do 2ra? 2 


EA ee (5.104) 


where the first term in brackets corresponds to the helicity-conserving pro- 
cess and the second term to the helicity-flip process. Thus, for example, if 
a right-handed polarized laser beam is scattered from an unpolarized high- 
energy electron beam, most of the backscattered photons will be right-handed 
but the highest-energy photons will be left-handed. This effect can be used 
experimentally to measure the polarization of an electron beam or to create 
high-energy photon sources with adjustable energy distribution and polariza- 
tion. 
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Pair Annihilation into Photons 


We can still obtain one more result from the Compton-scattering amplitude. 


Consider the annihilation process 
ete — 2y, 


given to lowest order by the diagrams 


xS Paf 
kañ f ko we ko 


pı R p2 pı R po 


This process is related to Compton scattering by crossing symmetry; we can 
obtain the correct amplitude from the Compton amplitude by making the 
replacements 


p>pi p =>-p k=-k ki kp. 
Making these substitutions in (5.87), we find 
1 pike | piki 1 1 
= MJ? = —2e4 | H + 2m? ( + ) 
4 > mI prky prk2 piki  pirkz 
Spins (5.105) 
mî ( l + l )' 
prki pirk2/ | 
The overall minus sign is the result of the crossing relation (5.68) and should 


be removed. 
Now specialize to the center-of-mass frame. The kinematics is 


kı = (E, E sin0,0, E cos 0) 


ko = (E, —E sin 0, 0, —E cos 0) 


A routine calculation yields the differential cross section, 


do 2ra? (=) E? + p? cos? 0 i 2m? 2m4 
dceosð s \ p/ | m2? + p?sin?@ | m2? +p?sin?@ (m? + p? sin? 6)? | 
(5.106) 
In the high-energy limit, this becomes 
do 2ra? /1 + cos? 0 
5.107 
dcosô E>m s ( sin? 6 ) ( ) 
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Figure 5.7. Angular dependence of the cross section for ete — 2y at 
Ecm = 29 GeV, as measured by the HRS collaboration, M. Derrick, et. al., 
Phys. Rev. D34, 3286 (1986). The solid line is the lowest-order theoretical 
prediction, Eq. (5.107). 


except when sin ĝ is of order m/p or smaller. Note that since the two photons 
are identical, we count all possible final states by integrating only over 0 < 
0 < 2/2. Thus the total cross section is computed as 


1 
Ototal = fx cos 0) J a (5.108) 
0 


Figure 5.7 compares the asymptotic formula (5.107) for the differential 
cross section to measurements of e*e~ annihilation into two photons at very 
high energy. 


Problems 


5.1 Coulomb scattering. Repeat the computation of Problem 4.4, part (c), this 
time using the full relativistic expression for the matrix element. You should find, for 
the spin-averaged cross section, 


da a2 


2 ot 2 
dQ ~ 4\pl282 sint (0/2) (: 2” sin 5): 


where p is the electron’s 3-momentum and £ is its velocity. This is the Mott formula for 
Coulomb scattering of relativistic electrons. Now derive it in a second way, by working 
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out the cross section for electron-muon scattering, in the muon rest frame, retaining 
the electron mass but sending My — OO. 


5.2 Bhabha scattering. Compute the differential cross section da/dcos@ for 
Bhabha scattering, ete~ — ete. You may work in the limit Eem > Me, in which 
it is permissible to ignore the electron mass. There are two Feynman diagrams; these 
must be added in the invariant matrix element before squaring. Be sure that you have 
the correct relative sign between these diagrams. The intermediate steps are compli- 
cated, but the final result is quite simple. In particular, you may find it useful to 
introduce the Mandelstam variables s, t, and u. Note that, if we ignore the electron 
mass, $ +t +u = 0. You should be able to cast the differential cross section into the 


form 
do z] (2 N Ey (57 
— u — + i + < 
dcos 8 s t Ns t 
Rewrite this formula in terms of cos and graph it. What feature of the diagrams 
causes the differential cross section to diverge as 0 — 0? 


5.3 The spinor product formalism introduced in Problem 3.3 provides an efficient 
way to compute tree diagrams involving massless particles. Recall that in Problem 3.3 
we defined spinor products as follows: Let u Lo, URo be the left- and right-handed 
spinors at some fixed lightlike momentum ko. These satisfy 


_ 1-75 _ 1+7° 
ULoULO = (5>) UROURO = ( > \ Fo. (1) 


(These relations are just the projections onto definite helicity of the more standard 
formula >> ugtio = Ky.) Then define spinors for any other lightlike momentum p by 


1 1 
uz(p) = Jap kg RO ur(p) = Vip hm (2) 


We showed that these spinors satisfy yu(p) = 0; because there is no m around, they 
can be used as spinors for either fermions or antifermions. We defined 


s(P1,P2)=tr(pi)ut(p2),  t(p1, p2) = UL (p1)uR(p2), 
and, in a special frame, we proved the properties 
2 
t(p1, p2) = (s(p2,P1))*, 8(p1,p2) = —s(p2, p1), [s(pi,p2)|" = 2p, p2. (3) 


Now let us apply these results. 


(a) To warm up, give another proof of the last relation in Eq. (3) by using (1) to 
rewrite |s(p1,p2)|* as a trace of Dirac matrices, and then applying the trace 
calculus. 


(b) Show that, for any string of Dirac matrices, 
trl yyy? | = tal: Pat] 
where u,v, p,... = 0,1,2,3, or 5. Use this identity to show that 
Gp (p1)y"uz (pe) = ür(p2)"ur(pı). 
(c) Prove the Fierz identity 


Un(pi)yur (2) [yulan = 2 [ur (pür (pi) + ur(P1)tr(p2)| ay, 


(d) 


(e) 


5.4 


(a) 
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where a,b = 1,2,3,4 are Dirac indices. This can be done by justifying the 
following statements: The right-hand side of this equation is a Dirac matrix; 
thus, it can be written as a linear combination of the 16 [ matrices discussed in 
Section 3.4. It satisfies 


thus, it must have the form 


1-7? 14+y° 
iu] = ( 2 Juve + ( 2 Juw” 


where V¥ and W¥ are 4-vectors. These 4-vectors can be computed by trace 
technology; for example, 


v_ 1 (5) 
V =z tly z M]. 


Consider the process ete7 — pty”, to the leading order in a, ignoring the 
masses of both the electron and the muon. Consider first the case in which the 
electron and the final muon are both right-handed and the positron and the 
final antimuon are both left-handed. (Use the spinor vg for the antimuon and 
ur for the positron.) Apply the Fierz identity to show that the amplitude can 
be evaluated directly in terms of spinor products. Square the amplitude and 
reproduce the result for 


given in Eq. (5.22). Compute the other helicity cross sections for this process 
and show that they also reproduce the results found in Section 5.2. 


Compute the differential cross section for Bhabha scattering of massless elec- 
trons, helicity state by helicity state, using the spinor product formalism. The 
average over initial helicities, summed over final helicities, should reproduce the 
result of Problem 5.2. In the process, you should see how this result arises as 
the sum of definite-helicity contributions. 


Positronium lifetimes. 


Compute the amplitude M for ete~ annihilation into 2 photons in the extreme 
nonrelativistic limit (i.e., keep only the term proportional to zero powers of the 
electron and positron 3-momentum). Use this result, together with our formal- 
ism for fermion-antifermion bound states, to compute the rate of annihilation 
of the 1S states of positronium into 2 photons. You should find that the spin-1 
states of positronium do not annihilate into 2 photons, confirming the symme- 
try argument of Problem 3.8. For the spin-0 state of positronium, you should 
find a result proportional to the square of the 1S wavefunction at the origin. In- 
serting the value of this wavefunction from nonrelativistic quantum mechanics, 
you should find 

ame 


7 re 8.03 x 10° sec™t. 
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(b) 


(c) 


(d) 
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A recent measurement? gives T = 7.994 + .011 nsec}: the 0.5% discrepancy is 
accounted for by radiative corrections. 


Computing the decay rates of higher-1 positronium states is somewhat more 
difficult; in the rest of this problem, we will consider the case | = 1. First, work 
out the terms in the ete~ — 2y amplitude proportional to one power of the 
3-momentum. (For simplicity, work in the center-of-mass frame.) Since 


dp i _. 9 
f Erupto] 


this piece of the amplitude has overlap with P-wave bound states. Show that 
the S = 1, but not the S = 0 states, can decay to 2 photons. Again, this is a 
consequence of C. 


To compute the decay rates of these P-wave states, we need properly normalized 
state vectors. Denote the three P-state wavefunctions by 


pi = x f(|x]), normalized to [ee OF (xW (x) = ij, 


and their Fourier transforms by 7;(p). Show that 


3 . 
|B(k)) = vant |Eb WilD) at yyy Z O} ica 10) 


-p+k/ 
is a properly normalized bound-state vector if ©* denotes a set of three 2 x 2 


matrices normalized to 
SC rtr) =. 
i 


To build § = 1 states, we should take each ©? to contain a Pauli sigma matrix. 
In general, spin-orbit coupling will split the multiplet of S = 1, L = 1 states 
according to the total angular momentum J. The states of definite J are given 
by 


1. 
J=0: X’ = -—o', 
v6 
J=1: x Senio, 
. lo 
J=2: Sia ho 
V3 ’ 


where n is a polarization vector satisfying |a|? = 1 and h® is a traceless tensor, 
for which a typical value might be k!? = 1 and all other components zero. 
Using the expanded form for the ete~ — 2y amplitude derived in part (b) and 
the explicit form of the S = 1, L = 1, definite-J positronium states found in 
part (c), compute, for each J, the decay rate of the state into two photons. 


tD. W. Gidley et. al., Phys. Rev. Lett. 49, 525 (1982). 
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5.5 Physics of a massive vector boson. Add to QED a massive photon field B, 
of mass M, which couples to electrons via 


AH = [ee (gpt By). 


A massive photon in the initial or final state has three possible physical polarizations, 
corresponding to the three spacelike unit vectors in the boson’s rest frame. These can 
be characterized invariantly, in terms of the boson’s 4-momentum k#, as the three 
(i) 
H 


vectors é, satisfying 


AORTE ENA k- © =0. 


The four vectors (kp /M, 0) form a complete orthonormal basis. Because B, couples 
to the conserved current yy", the Ward identity implies that k,, dotted into the 
amplitude for B production gives zero; thus we can replace: 


5 ce” > Gp. 


This gives a generalization to massive bosons of the Feynman trick for photon polar- 
ization vectors and simplifies the calculation of B production cross sections. (Warning: 
This trick does not work (so simply) for “non-Abelian gauge fields”.) Let’s do a few 
of these computations, using always the approximation of ignoring the mass of the 
electron. 


(a) Compute the cross section for the process ete~ — B. Compute the lifetime of 
the B, assuming that it decays only to electrons. Verify the relation 
4 127? 


e > B)= -gT > ete )6(M? — 8) 


discussed in Section 5.3. 


(b) Compute the differential cross section, in the center-of-mass system, for the 
process ete~ — y+ B. (This calculation goes over almost unchanged to the 
realistic process ete — y+ Z°; this allows one to measure the number of 
decays of the Z? into unobserved final states, which is in turn proportional to 
the number of neutrino species.) 


(c) Notice that the cross section of part (b) diverges as 0 — 0 or 7. Let us analyze 
the region near 0 = 0. In this region, the dominant contribution comes from 
the ¢-channel diagram and corresponds intuitively to the emission of a photon 
from the electron line before et e~ annihilation into a B. Let us rearrange the 
formula in such a way as to support this interpretation. First, note that the 
divergence as 0 — 0 is cut off by the electron mass: Let the electron momentum 
be p” = (E,0,0,k), with k = (E? — m2)1/2, and let the photon momentum be 
kë = (2E,cEsin6,0,2E cos 6). Show that the denominator of the propagator 
then never becomes smaller than O(m2/s). Now integrate the cross section of 
part (b) over forward angles, cutting off the @ integral at 0? ~ (m2/s) and 
keeping only the leading logarithmic term, proportional to log(s/m2). Show 
that, in this approximation, the cross section for forward photon emission can 
be written 


olete > y+B)% [ete -o(ete” > B at EZ, = (1-2)s), 
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where the annihilation cross section is evaluated for the collision of a positron 
of energy E and an electron of energy (1 — z)E, and the function f(z), the 
Weiszacker- Williams distribution function, is given by 
a 1+(1-2)? ( s 
z)= -lo . 
f(a) Qn z 8 =) 
This function arises universally in processes in which a photon is emitted 
collinearly from an electron line, independent of the subsequent dynamics. We 
will meet it again, in another context, in Problem 6.2. 
5.6 This problem extends the spinor product technology of Problem 5.3 to external 
photons. 


(a) 


(b) 


Let k be the momentum of a photon, and let p be another lightlike vector, chosen 
so that p-k # 0. Let ur(p), uz (p) be spinors of definite helicity for fermions with 
the lightlike momentum p, defined according to the conventions of Problem 5.3. 
Define photon polarization vectors as follows: 
1 1 
ch (k) = ur(k)yur(p), E(k) = ur (k)y"ur(p). 


våp- k våp: k 


Use the identity 


uL(pjūr(p) + ur(p)ir(p) = y 
to compute the polarization sum 
ktp” + k¥ pe 
+ Pp P i 
p-k 
The second term on the right gives zero when dotted with any photon emission 
amplitude M#, so we have 


leg MI? +e» M|? = MEM”* (guv); 


He +Ë e~ — — gh? 


thus, we can use the vectors €+, €~ to compute photon polarization sums. 


Using the polarization vectors just defined, and the spinor products and the Fierz 
identity from Problem 5.3, compute the differential cross section for a massless 
electron and positron to annihilate into 2 photons. Show that the result agrees 
with the massless limit derived in (5.107): 


do 2na? (7 tety 

dcos 0 8 sin? 6 

in the center-of-mass frame. It follows from the result of part (a) that this answer 
is independent of the particular vector p used to define the polarization vectors; 
however, the calculation is greatly simplified by taking this vector to be the 


initial electron 4-vector. 


Chapter 6 


Radiative Corrections: Introduction 


Now that we have acquired some experience at performing QED calculations, 
let us move on to some more complicated problems. Chapter 5 dealt only with 
tree-level processes, that is, with diagrams that contain no loops. But all such 
processes receive higher-order contributions, known as radiative corrections, 
from diagrams that do contain loops. Another source of radiative corrections 
in QED is bremsstrahlung, the emission of extra final-state photons during a 
reaction. In this chapter we will investigate both types of radiative corrections, 
and find that it is inconsistent to include one without also including the other. 

Throughout this chapter, in order to illustrate these ideas in the simplest 
possible context, we will consider the process of electron scattering from an- 
other, very heavy, particle. We analyzed this process at tree level in Section 5.4 
and Problem 5.1. At the next order in perturbation theory, we encounter the 
following four diagrams: 


HHH bl 


The order-a correction to the cross section comes from the interference term 
between these diagrams and the tree-level diagram. There are six additional 
one-loop diagrams involving the heavy particle in the loop, but they can be 
neglected in the limit where that particle is much heavier than the electron, 
since the mass appears in the denominator of the propagator. (Physically, 
the heavy particle accelerates less, and therefore radiates less, during the 
collision.) 

Of the four diagrams in (6.1), the first (known as the verter correction) is 
the most intricate and gives the largest variety of new effects. For example, it 
gives rise to an anomalous magnetic moment for the electron, which we will 
compute in Section 6.3. 

The next two diagrams of (6.1) are external leg corrections. We will neglect 
them in this chapter because they are not amputated, as required by our 
formula (4.90) for S-matrix elements. We will discuss these diagrams in more 
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detail when we prove that formula in Section 7.2. 

The final diagram of (6.1) is called the vacuum polarization. Since it re- 
quires more computational machinery than the others, we will not evaluate 
this diagram until Section 7.5. 

Our study of these corrections will be complicated by the fact that they 
are ill-defined. Each diagram of (6.1) involves an integration over the unde- 
termined loop momentum, and in each case the integral is divergent in the 
k — œ or ultraviolet region. Fortunately, the infinite parts of these integrals 
will always cancel out of expressions for observable quantities such as cross 
sections. 

The first three diagrams of (6.1) also contain infrared divergences: infini- 
ties coming from the k — 0 end of the loop-momentum integrals. We will see 
in Section 6.4 that these divergences are canceled when we also include the 
following bremsstrahlung diagrams: 


+ (6.2) 


These diagrams are divergent in the limit where the energy of the radiated 
photon tends to zero. In this limit, the photon cannot be observed by any 
physical detector, so it makes sense to add the cross section for producing these 
low-energy photons to the cross section for scattering without radiation. The 
bremsstrahlung diagrams are thus an essential part of the radiative correction, 
in this and any other QED process. 

Our main goals in the present chapter are to understand bremsstrahlung 
of low-energy photons, the vertex correction diagram, and the cancellation of 
infrared divergences between these two types of radiative corrections. 


6.1 Soft Bremsstrahlung 


Let us begin our study of radiative corrections by analyzing the bremsstrah- 
lung process. In this section we will first do a classical computation of the 
intensity of the low-frequency bremsstrahlung radiation when an electron un- 
dergoes a sudden acceleration. We will then compute a closely related quantity 
in quantum field theory: the cross section for emission of one very soft pho- 
ton, given by diagrams (6.2). We would like to understand how the classical 
result arises as a limiting case of the quantum result. 
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Classical Computation 


Suppose that a classical electron receives a sudden kick at time t = 0 and 
position x = 0, causing its 4-momentum to change from p to p’. (An in- 
finitely sudden change of momentum is of course an unrealistic idealization. 
The precise form of the trajectory during the acceleration does not affect the 
low-frequency radiation, however. Our calculation will be valid for radiation 
with a frequency less than the reciprocal of the scattering time.) 


, 


P 


sudden kick at time t = 0, 
when particle is at x = 0 


P 


We can find the radiation field by writing down the current of this electron, 
and considering that current as a source for Maxwell’s equations. 

What is the current density of such a particle? For a charged particle at 
rest at x = 0, the current would be 


g(a) = (1,0) 26 (x) 


- fe (1,0)"-e6(2—y(t)), with y(t) = (#,0)". 
From this we can guess the current for an arbitrary trajectory y” (T): 


jH(a) = efa wr) 6 (x — y(r)). (6.3) 

Note that this expression is independent of the precise way in which the 

curve y(r) is parametrized: Changing variables from 7 to o(7) gives a factor 

of dr/do in the integration measure, which combines with dy“/dr via the 

chain rule to give dy“/do. We can also prove from (6.3) that the current is 

automatically conserved: For any “test function” f(x) that falls off at infinity, 
we have 


f dtz f(2)3 J(e) 


firra far SIP e-v) 
=e far TP gr) 


I| 
| 
© 
-< 
a 
4 
Sl] 
he 
om 
=< 
4 
— 
— 


For our process the trajectory is 


_ f(p"/m)r for 7 <0; 
“) = { (p#/m)r for 7 > 0. 
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Thus the current can be written 


oo 0 
! H 
o) =e far = a0 (e- Er) +e far Ess- Pr), 
m m m m 
0 —0o 


In a moment we will need to know the Fourier transform of this function. 
Inserting factors of e~*7 and e‘7 to make the integrals converge, we have 


PO = f daeta) 


oo 0 
— e far p” silep /m-+ie)r +e fo P“ ilkp/m—ie)r 
m m 
0 —o0 
ih H 
= ie( PY p -): (6.4) 
k-pl+ie k-p—ie 


We are now ready to solve Maxwell’s equations. In Lorentz gauge (OVA, = 
0) we must solve 0? A} = j", or in Fourier space, 


Ta) =~ 5 "(h). 


Plugging in (6.4), we obtain a formula for the vector potential: 


d*k on. iE pl p” 
A" (x) = mike . . 
(2) lame k? (irk poi) (6.5) 


The k? integral can be performed as a contour integral in the complex plane. 
The locations of the poles are as follows: 


k? 
k-p=0 
e 
— OOOO ee 
e e e 
k? = —|k| ko =+|k|  k-p'=0 


We place the poles at k? = |k] below the real axis so that (as we shall soon 
confirm) the radiation field will satisfy retarded boundary conditions. 

For t < 0 we close the contour upward, picking up the pole at k -p = 0, 
that is, k? =k-p/p°. The result is 


dk aex enno (2ri)(+ie) pl 
AM(a) = iex -~i(lep/aye (2m)( Hie) p 
(z Jer e (nk p 
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In the reference frame where the particle is initially at rest, its momentum 
vector is p” = (p?, 0) and the vector potential reduces to 


dk , e 
H — ik-x . 
A” (x) lo e PE (1,0). 
This is just the Coulomb potential of an unaccelerated charge. As we would 
expect, there is no radiation field before the particle is scattered. 

After scattering (t > 0), we close the contour downward, picking up the 
three poles below the real axis. The pole at k? = k- p’/p” gives the Coulomb 
potential of the outgoing particle. Thus the other two poles are completely 
responsible for the radiation field. Their contribution gives 


dk —e . i K 
H — — ~ ~ik-x f P _ Po 
fraa l2) -j (2r)? TAA (EP ie) tee} 


k9=(k| 


(6.6) 
= Re [3% A! (k) e 
7 (27)° 
where the momentum-space amplitude A(k) is given by 
-e / pit pë 
#(k) = . 6. 
A= Te Gay > ET) (67) 


(The condition k° = |k| is implicit here and in the rest of this calculation.) 

To calculate the energy radiated, we must find the electric and magnetic 
fields. It is easiest to write E and B as the real parts of complex Fourier 
integrals, just as we did for A#: 


(6.8) 


The momentum-space amplitudes €(k) and B(k) of the radiation fields are 
then simply 


E(k) = —ik A’ (k) + ik A(k); 


. (6.9) 
B(k) = ik x A(k) = k x E(k). 


Using the explicit form (6.7) of A“(k), you can easily check that the electric 
field is transverse: k - E(k) = 0. 

Having expressed the fields in this way, we can compute the energy radi- 
ated: 


Energy = j fz (IE(2)|? + [B(a)). (6.10) 
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The first term is 


[ef ony 


3 0 7.0 
= lees (E(k) E(k)“ t 4 2€(k)-€*(k) + E*(k)-E€*(—-k)e?"* ‘). 


[Ss (E(k)e"* + E* (kje) (E(k eo + Er (k'et?) 


A similar expression involving B(k) holds for the second term. Using (6.9) 
and the fact that E(k) is transverse, you can show that the time-dependent 
terms cancel between £ and B, while the remaining terms add to give 
Ene 1 [vk E(k) - E*(k) (6.11) 
nergy == | == . . . 
By = 2 (27)3 


Since E(k) is transverse, let us introduce two transverse unit polarization 
vectors €,(k), A = 1,2. We can then write the integrand as 


E(k) -E*(k) = Y Jey(k) E)? = k|? Y Jea(k) - A(K)]”. 


A=1,2 A=1,2 


Using the explicit form of A(k) (6.7), we finally arrive at an expression for 
the energy radiated*: 


Bk e 
Energy = [s 5y 5 
d=1,2 


We can freely change e, p’, and p into 4-vectors in this expression. Then, 
noting that substituting k” for e” would give zero, 


1 


ex(k)-( p - 2). (6.12) 


k- p "P 


we find that we can perform the sum over polarizations using the trick of 
Section 5.5, replacing >> €,,¢% by —g,,. Our result then becomes 


dk e? p} p” p” p” 
Enerey = [55 ( (Ey ip) (ea > Ep) 


-f dk a 2p- p' m? m? ) 
(27)? 2 \ (k p)(k-p) (kp) (kps 


To make this formula more explicit, choose a frame in which p? = p” = E. 
Then the momenta are 


(6.13) 


k” = (k,k), p” = E(1, v}, p” = E(1,v’). 


*This result is also derived in Jackson (1975), p. 703. 


6.1 Soft Bremsstrahlung 181 


In such a frame our formula becomes 
2 
Energy = oa [a L(v,v’), (6.14) 


where Z(v, v’) (which is essentially the differential intensity d(Energy) /dk) is 
given by 


no fA, 2(1-v-v’) m?/E? m?/E? 
tv) = |G (oes (kev? “hoi (6.15) 


Since Z(v, v’) does not depend on k, we see that the integral over k in (6.14) 
is trivial but divergent. This divergence comes from our idealization of an 
infinitely sudden change in momentum. We expect our formula to be valid 
only for radiation whose frequency is less than the reciprocal of the scattering 
time. For a relativistic electron, another possible cutoff would take effect when 
individual photons carry away a sizable fraction of the electron’s energy. In 
either case our formula is valid in the low-frequency limit, provided that we 
cut off the integral at some maximum frequency kmax. We then have 


Energy = 2 kmax -T(v,v'). (6.16) 
T 


The integrand of Z(v, v’) peaks when k is parallel to either v or v’: 
“final-state a oaa 
» “initial-state 
bremsstrahlung > E bremsstrahlung” 


In the extreme relativistic limit, most of the radiated energy comes from 
the two peaks in the first term of (6.15). Let us evaluate Z(v, v’) in this limit, 
by concentrating on the regions around these peaks. Break up the integral 
into a piece for each peak, and let 0 = 0 along the peak in each case. Integrate 
over a small region around @ = 0, as follows: 


cos 0=1 


l—v-v! 
T(v, v) æ% f dcos@ viv 


(1 —veos@)(1-—v-v’) 


k-vev'-v 


cos 0=1 


—_ y’ 
+ f coos lovey 


(1—v-v/)(1— v cos 6)” 


k-vi=vi-v 


(The lower limits on the integrals are not critical; an equally good choice 
would be k-v = 1—2(1—v- Vv’), as long as x is neither too close to 0 nor 
too much bigger than 1. It is then easy to show that the leading term in the 
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relativistic limit does not depend on z.) The integrals are easy to perform, 
and we obtain 
A 


Binvela) 


(6.17) 


where q” = (p' — p)?. 
In conclusion, we have found that the radiated energy at low frequencies 
is given by 
kmax 
Energy = 2 f dk T(v, v’) a f dk log(— =), (6.18) 
T ESn Dm T 
0 


If this energy is made up of photons, each photon contributes energy k. We 
would then expect 


kmax 
1 
Number of photons = Ž f dk = T(v,v’). (6.19) 
T 
0 


We hope that a quantum-mechanical calculation will confirm this result. 


Quantum Computation 


Consider now the quantum-mechanical process in which one photon is radiated 
during the scattering of an electron: 


Let Mo denote the part of the amplitude that comes from the electron’s 
interaction with the external field. Then the amplitude for the whole process 
is 

| i(y-H4+m) uo 
iM = —ieu(p ‘) (Maw Pp k) (p -— k)? — m2 yen (k) 


+ elk) EE Mole + kp) ) u(p). 


Since we are interested in connecting with the classical limit, assume that 
the photon radiated is soft: |k| < |p’ — p|. Then we can approximate 


Mo(p',p — k) = Molp + k, p) = Mo(n', p), (6.21) 


(6.20) 
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and we can ignore # in the numerators of the propagators. The numerators 
can be further simplified with some Dirac algebra. In the first term we have 


(p+ mJy", u(p) = [2pMef, + ye (—¥ + m)] u(p) 
= 2p" en, u(p). 
Similarly, in the second term, 
Ulp) yen (po! + m) = U(p') 2p" e. 
The denominators of the propagators also simplify: 
(p —k)? —m? = —2p-k; (pP + k)? —m? = 2p’ -k. 


So in the soft-photon approximation, the amplitude becomes 


t * 


iM =a Moppa (EE-E) 62 


This is just the amplitude for elastic scattering (without bremsstrahlung), 
times a factor (in brackets) for the emission of the photon. 

The cross section for our process is also easy to express in terms of the 
elastic cross section; just insert an additional phase-space integration for the 
photon variable k. Summing over the two photon polarization states, we have 


dk 1 2 


p-e pe) 
Lt e — 
(27)? 2k E, 


pk pik 


do(p > p' +7) = do(p > p') - f . (6.23) 


Thus the differential probability of radiating a photon with momentum k, 
given that the electron scatters from p to p’, is 


d(prob) = aay Dak ex ( p p Ji. (6.24) 


pk pik 
This looks very familiar; if we multiply by the photon energy k to compute 
the expected energy radiated, we recover the classical expression (6.12). 

But there is a problem. Equation (6.24) is an expression not for the ex- 
pected number of photons radiated, but for the probability of radiating a 
single photon. The problem becomes worse if we integrate over the photon 
momentum. As in (6.16), we can integrate only up to the energy at which our 
soft-photon approximations break down; a reasonable estimate for this energy 
is |q| = |p — p’|. The integral is therefore 


1 


lal 
1 
Total probability ~ Č f dk 7 Iv, v’). (6.25) 
T 
0 


Since Z(v, v’) is independent of k, the integral diverges at its lower limit 
(where all our approximations are well justified). In other words, the total 


184 Chapter 6 Radiative Corrections: Introduction 


probability of radiating a very soft photon is infinite. This is the famous 
problem of infrared divergences in QED perturbation theory. 

We can artificially make the integral in (6.25) well-defined by pretending 
that the photon has a very small mass yz. This mass would then provide a 
lower cutoff for the integral, allowing us to write the result of this section as 


2 
a, (~q 
do(p > p' + y(k)) = do(p = p’)- a log ( 2 )Z(v, v’) 


> (6.26) 


~ da(p p): Š iog( =$) tos (=4 ). 


goo m? 

The q? dependence of this result, known as the Sudakov double logarithm, is 
physical and will appear again in Section 6.4. The dependence on pz, however, 
presents a problem that we must solve. It is not hard to guess that the resolu- 
tion of this problem will involve reinterpreting (6.24) as the expected number 
of radiated photons, rather than the probability of radiating a single pho- 
ton. We will see in Sections 6.4 and 6.5 how this reinterpretation follows from 
the Feynman diagrams. To prepare for that discussion, however, we need to 
improve our understanding of the amplitude for scattering without radiation. 


6.2 The Electron Vertex Function: Formal Structure 


Having briefly discussed QED radiative corrections due to emission of photons 
(bremsstrahlung), let us now study the correction to electron scattering that 
comes from the presence of an additional virtual photon: 


(6.27) 


This will be our first experience with a Feynman diagram containing a loop. 
Such diagrams give rise to significant and profound complications in quantum 
field theory. 

The result of computing this diagram will be rather complicated, so it 
will be useful to think ahead about what form we expect this correction to 
take and how to interpret its various possible terms. In this section, we will 
consider the general properties of vertex correction diagrams. We will see that 
the basic requirements of Lorentz invariance, the discrete symmetries of QED, 
and the Ward identity strongly constrain the form of the vertex. 
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Consider, then, the class of diagrams 


where the gray circle indicates the sum of the lowest-order electron-photon 
vertex and all amputated loop corrections. We will call this sum of vertex 
diagrams —ieI“(p',p). Then, according to our master formula (4.103) for S- 
matrix elements, the amplitude for electron scattering from a heavy target 
is 


iM = ie? (ae) T", p) ulp)) — (E) (6.28) 


More generally, the function [“(p’,p) appears in the S-matrix element 
for the scattering of an electron from an external electromagnetic field. As in 
Problem 4.4, add to the Hamiltonian of QED the interaction 


AHimn = f dr eAclj", (6.29) 


where j”(x) = w(x)7"b(x) is the electromagnetic current and A‘! is a fixed 
classical potential. In the leading order of perturbation theory, the S-matrix 
element for scattering from this field is 


iM (2r)6(p” — p?) = —ieti(p')y"u(p) - AP (p' — p), 


where A‘(q) is the Fourier transform of A(z). The vertex corrections modify 
this expression to 

iM (27)ê(p” — p°) = —ieū(p') T" (p',p) ulp) : Anp =p). (6.30) 
In writing (6.28) and (6.30), we have deliberately omitted the contribution of 
vacuum polarization diagrams, such as the fourth diagram of (6.1). The reason 
for this omission is that these diagrams should be considered corrections to 
the electromagnetic field itself, while the diagrams included in IT” represent 
corrections to the electron’s response to a given applied field.’ 

We can use general arguments to restrict the form of T#(p', p). To lowest 
order, T” = 7. In general, I” is some expression that involves p, p’, y", 
and constants such as m, e, and pure numbers. This list is exhaustive, since 
no other objects appear in the Feynman rules for evaluating the diagrams 
that contribute to IT”. The only other object that could appear in any theory 
is “7 (or equivalently, y°); but this is forbidden in any parity-conserving 
theory. 


+To justify this statement, we must give a careful definition of an applied external 
field in a quantum field theory. We will do this in Chapter 11. 
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We can narrow down the form of T” considerably by appealing to Lorentz 
invariance. Since I” transforms as a vector (in the same sense that 4” does), 
it must be a linear combination of the vectors from the list above: ~”, p”, and 
p”. Using the combinations p' + p and p' — p for convenience, we have 


Th = yA + (p+p")B + (p"—p"):C. (6.31) 


The coefficients A, B, and C could involve Dirac matrices dotted into vectors, 
that is, y or p’. But since pu(p) = m-u(p) and u(p’)p’ = u(p')-m, we can 
write the coefficients in terms of ordinary numbers without loss of generality. 
The only nontrivial scalar available is q? = —2p'-p+2m?, so A, B, and C 
must be functions only of q? (and of constants such as m). 

The list of allowed vectors can be further shortened by applying the Ward 
identity (5.79): q,r” = 0. (Note that our arguments for this identity in Sec- 
tion 5.5—and the proof in Section 7.4—do not require q? = 0.) Dotting qu 
into (6.31), we find that the second term vanishes, as does the first when sand- 
wiched between u(p’) and u(p). The third term does not automatically vanish, 
so C must be zero. 

We can make no further simplifications of (6.31) on general principles. It 
is conventional, however, to rewrite (6.31) by means of the Gordon identity 
(see Problem 3.2): 

t ; Vv 
apup) = ap!) | PAP de 


Im dn u(p). (6.32) 


This identity allows us to swap the (p’ + p) term for one involving o#”g,. We 
write our final result as 


T” (p', p) = y“ Fi (a?) + Fala’), (6.33) 
where F} and F2 are unknown functions of q° called form factors. 

To lowest order, F} = 1 and F> = 0. In the next section we will compute 
the one-loop (order-q) corrections to the form factors, due to the vertex cor- 
rection diagram (6.27). In principle, the form factors can be computed to any 
order in perturbation theory. 

Since F, and F> contain complete information about the influence of 
an electromagnetic field on the electron, they should, in particular, contain 
the electron’s gross electric and magnetic couplings. To identify the electric 
charge of the electron, we can use (6.30) to compute the amplitude for elastic 
Coulomb scattering of a nonrelativistic electron from a region of nonzero elec- 
trostatic potential. Set Ad (2) = (6(x),0). Then Ac (q) = ((27)ó(q?)¢(q), 0). 
Inserting this into (6.30), we find 


iM = —ieu(p')T°(p', p) u(p) - ela). 


If the electrostatic field is very slowly varying over a large (perhaps macro- 
scopic) region, ¢(q) will be concentrated about q = 0; then we can take the 
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limit q — 0 in the spinor matrix element. Only the form factor F, contributes. 
Using the nonrelativistic limit of the spinors, 


alp) Pulp) = ul (p')u(p) = 2m E, 
the amplitude for electron scattering from an electric field takes the form 
iM = —ieF,(0)4(q) : 2mée'té. (6.34) 
This is the Born approximation for scattering from a potential 
V(x) = eF: (0)$(x). 


Thus F} (0) is the electric charge of the electron, in units of e. Since F,(0) = 1 
already in the leading order of perturbation theory, radiative corrections to 
F,(q) should vanish at q? = 0. 

By repeating this analysis for an electron scattering from a static vector 
potential, we can derive a similar connection between the form factors and the 
electron’s magnetic moment.? Set A@(x) = (0, A“'(x)). Then the amplitude 
for scattering from this field is 
io 


mie - Fa Ju(p)| Aala). (6.35) 


iM = +ie [a (F, + 


The expression in brackets vanishes at q = 0, so we must carefully extract from 
it a contribution linear in q’. To do this, insert the nonrelativistic expansion 
of the spinors u(p), keeping terms through first order in momenta: 


w= (ae) = "(te pelame): 6% 


Then the F} term can be simplified as follows: 


= i pio ; iP 0 
alpy up) = 2m6" ( am T to Om Je 


Applying the identity oto = 6°) + ieJ*o*, we find a spin-independent term, 
proportional to (p’ +p), and a spin-dependent term, proportional to (p’ — p). 
The first of these terms is the contribution of the operator [p- A + A - p] in 
the standard kinetic energy term of nonrelativistic quantum mechanics. The 
second is the magnetic moment interaction we are seeking. Retaining only the 
latter term, we have 


U(p')y'u(p) = 2m é (Le*giot \e. 


The F term already contains an explicit factor of g, so we can evaluate it 
using the leading-order term of the expansion of the spinors. This gives 


u(p’) (<Lo"a.) u(r) = me" (SLcRalo*)e. 


'The following argument contains numerous factors of (—1) from raising and 
lowering spacelike indices. Be careful in verifying the algebra. 


188 Chapter 6 Radiative Corrections: Introduction 


Thus, the complete term linear in qf in the electron-photon vertex function is 


TE R Jul) x mg (Z ERAO + RO]: 


m q> 


u(y’) (F + 

Inserting this expression into (6.35), we find 
—1 ~ 
iM = ~i(2m) - eg"! ( — o" [F (0) + F2(0)] J€ BY(a), 
where OO 
BE (q) = ~ie'?*q' A} (a) 
is the Fourier transform of the magnetic field produced by A‘!(x). 
Again we can interpret M as the Born approximation to the scattering 


of the electron from a potential well. The potential is just that of a magnetic 
moment interaction, 


where 


(m) = Ž [F1 (0) + Fa(O)]e* Ze. 


This expression for the magnetic moment of the electron can be rewritten in 
the standard form 


e 
=g(— )S 
B o(a) , 
where S is the electron spin. The coefficient g, called the Landé g-factor, is 
g = 2(F,(0) + F2(0)] = 2+ 2F2(0). (6.37) 


Since the leading order of perturbation theory gives no F> term, QED predicts 
g = 2+ O(a). The leading term is the standard prediction of the Dirac 
equation. In higher orders, however, we will find a nonzero F> and thus a small 
difference between the electron’s magnetic moment and the Dirac value. We 
will compute the order-a@ contribution to this anomalous magnetic moment 
in the next section. 

Since our derivation of the structure (6.33) for the vertex function used 
only general symmetry principles, we expect this formula to apply not only 
to the electron but to any fermion with electromagnetic interactions. For ex- 
ample, the electromagnetic scattering amplitude of the proton should also be 
described by two invariant functions of q?. Since the proton is not an ele- 
mentary particle, we should not expect the Dirac equation values Fy = 1 and 
Fy = 0 to be good approximations to the form factors of the proton. In fact, 
both proton form factors depend strongly on q?. However, the description of 
the vertex function in term of form factors provides a useful summary of data 
on scattering at many energies and angles. The precise transcription between 
form factors and cross sections is worked out in Problem 6.1. In addition, the 
general constraints at q? = 0 that we have just derived apply to the proton: 
F,(0) = 1, and 2F)(0) = (gp — 2), though the g-factor of the proton differs by 
40% from the Dirac value. 
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6.3 The Electron Vertex Function: Evaluation 


Now that we know what form the answer is to take (Eq. (6.33)), we are ready 
to evaluate the one-loop contribution to the electron vertex function. Assign 
momenta on the diagram as follows: 


Applying the Feynman rules, we find, to order a, that T” = y” + ôT”, where 


u(p óT” (p',pjulp) 


dtk iy n o onn itm) p ktm), . 
= lo (k—p)2+ie u(p )( tey 2 m i y p2 mpi wey )u(p) 
= 2e? f dtk Wp) [KHE + m?y” —2m(k + k)” July) (6.38) 
7 (27)4 ((k — p)? + ie)(k? — m? + ie)(k? — m? + ie) 
In the second line we have used the contraction identity y’y"y = —27*. 


Note that the +ie terms in the denominators cannot be dropped; they are 
necessary for proper evaluation of the loop-momentum integral. 

The integral looks impossible, and in fact it will not be easy. The eval- 
uation of such integrals requires another piece of computational technology, 
known as the method of Feynman parameters (although a very similar method 
was introduced earlier by Schwinger). 


Feynman Parameters 


The goal of this method is to squeeze the three denominator factors of (6.38) 
into a single quadratic polynomial in k, raised to the third power. We can then 
shift k by a constant to complete the square in this polynomial and evaluate 
the remaining spherically symmetric integral without difficulty. The price will 
be the introduction of auxiliary parameters to be integrated over. 

It is easiest to begin with the simpler case of two factors in the denomi- 
nator. We would then use the identity 
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An example of its use might look like this: 


1 
[2(k—p)? + y(k2—m?2)]” 


1 1 
0 


1 
1 

= f dxdys(e+y 1) . 

0 


[k?-2ck- p+ap?—ym?| ° 


If we now let £ = k — xp, we see that the denominator depends only on £2. 
Integrating over d*k would now be much easier, since d*k = d*é and the 
integrand is spherically symmetric with respect to £. The variables x and y 
that make this transformation possible are called Feynman parameters. 

Our integral (6.38) involves a denominator with three factors, so we need 
a slightly better identity. By differentiating (6.39) with respect to B, it is easy 
to prove 


n—-1 


1 
1 ny 
= | dxdyé 1 . 6.40 
0 


But this still isn’t quite good enough. The formula we need is 


1 
1 (n~- 1)! 

sf dry -den (0; -1 z. 
AA: An Ja tn (e TA F rAz o anA] 


(6.41) 


The proof of this identity is by induction. The case n = 2 is just Eq. (6.39); 
the induction step is not difficult and involves the use of (6.40). 

By repeated differentiation of (6.41), you can derive the even more general 
identity 


1 


1 
_ Me t Dm +--+ mn) 
AMAR... Arn = fax, d£n (X zi—1) 
0 


DS 2A T(m) (ma) 
(6.42) 


This formula is true even when the m; are not integers; in Section 10.5 we 
will apply it in such a case. 


Evaluation of the Form Factors 


Now let us apply formula (6.41) to the denominator of (6.38): 


1 
((k—p)?+i€)(k/?—m?2+ie)(k?—m?+ie 


1 
2 
5 = J eeayae dette) $z, 
0 
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where the new denominator D is 
D = (k? — m?) + y(k? — m”) + 2(k— p} + (z +y + z)ie 


> (6.43) 


= k? + 2k- (yq — 2p) + yg? + zp? — (£ +y)m? + ie. 


In the second line we have used z + y + z = 1 and k’ = k + q. Now shift k to 
complete the square: 


L= k+ yq -— zp. 
After a bit of algebra we find that D simplifies to 
D= — A +ie, 
where 
A=—ay¢ +(1—2)?m?. (6.44) 


Since q? < 0 for a scattering process, A is positive; we can think of it as an 
effective mass term. 

Next we must express the numerator of (6.38) in terms of £. This task is 
simplified by noting that since D depends only on the magnitude of £, 


ate oe 

lear 645) 
die pee 4g 1 guvy 

J me -JE 19 E (6.46) 
(27) D3 (27)4 D3 


The first identity follows from symmetry. To prove the second, note that the 
integral vanishes by symmetry unless u = v. Lorentz invariance therefore 
requires that we get something proportional to g”. To check the coefficient, 
contract each side with g,,. Using these identities, we have 


Numerator = ü(p') [ory +m?” — Im(k + Kr] u(p) 


UP |S? + (yd + zp)" (O -yd 20) 


+ m?y# — 2m((1 — 2y)g" 4 22p) | u(p). 


(Remember that k’ = k +q.) 

Putting the numerator into a useful form is now just a matter of some 
tedious Dirac algebra (about a page or two). This is where our work in the 
last section pays off, since it tells us what kind of an answer to expect. We 
eventually want to group everything into two terms, proportional to 4” and 
io#”’q,. The most straightforward way to accomplish this is to aim instead for 
an expression of the form 


-A + (p'*+p")-B + gC, 


just as in (6.31). Attaining this form requires only the anticommutation rela- 
tions (for example, py = 2p“ — y“ p) and the Dirac equation (pulp) = mu(p) 
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~VJ\lP+A + te 
° 


VEFA - ie 


Figure 6.1. The contour of the £ integration can be rotated as shown. 


and ti(p’)p’ = u(p’) m; note that this implies u(p")¢u(p) = 0). It is also useful 
to remember that «+ y + z= 1. When the smoke clears, we have 


Numerator = afp’) |y“ { $0? + (1-x)(1-y)q? + (1-22—z7)m?) 


+ (+p) -ma(2-1) + q" -m(2—2)(2—y)| u(p). 


The coefficient of q” must vanish according to the Ward identity, as discussed 
after Eq. (6.31). To see that it does, note from (6.44) that the denominator 
is symmetric under x +> y. The coefficient of q” is odd under z => y and 
therefore vanishes when integrated over xz and y. 

Still following our work in the previous section, we now use the Gordon 
identity (6.32) to eliminate (p' + p) in favor of io“”g,. Our entire expression 
for the O(a) contribution to the electron vertex then becomes 


1 
dt 2 
r) fo dy dz 6(at+y+z~1) = 
0 


alp )óT” (p', p)u(p) = 2ie? J D 


x afp) [at (-42 + (1-2)(1-y)q? + (1-4z+2°)m?) 


iot” ay 2 
mn (2m 2(1-2))| u(p), (6.47) 
where as before, 
D=6-Atée, A = —ayq? + (1—2)?m? > 0. 


The decomposition into form factors is now manifest. 
With most of the work behind us, our main remaining task is to perform 
the momentum integral. It is not difficult to evaluate the ° integral as a 
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contour integral, then do the spatial integrals in spherical coordinates. We 
will use an even easier method, making use of a trick called Wick rotation. 
Note that if it were not for the minus signs in the Minkowski metric, we could 
perform the entire four-dimensional integral in four-dimensional “spherical” 
coordinates. To remove the minus signs, consider the contour of integration 
in the @°-plane (see Fig. 6.1). The locations of the poles, and the fact that 
the integrand falls off sufficiently rapidly at large |Æ], allow us to rotate the 
contour counterclockwise by 90°. We then define a Euclidean 4-+momentum 
variable fp: 


L = ilh; l= Ep. (6.48) 


Our rotated contour goes from £4 = —oo to oo. By simply changing vari- 
ables to £m, we can now evaluate the integral in four-dimensional spherical 
coordinates. 

Let us first evaluate 


dtl 1 i 1 1 
| Qn! [E Aj" Ey ry [eee +A 


(Here we need only the case m = 3, but the more general result will be useful 
for other loop calculations.) The factor f dQ4 is the surface “area” of a four- 
dimensional unit sphere, which happens to equal 277. (One way to compute 
this area is to use four-dimensional spherical coordinates, 


x = (rsinwsin@ cos ¢, rsinwsinésin ¢, rsinw cos 6, rcosw). 


The integration measure is then dtz = r° sin? w sin 0 dẹ dé dw dr.) The rest of 
the integral is straightforward, and we have 


e 1 _ tt” 1 1 
[oe Par e DO 
Similarly, 
dl e — i(-1yr! 9 i 
JE [2 -Ar = (ar) (m—1)(m—2)(m—3) A3 (6.50) 


Note that this second result is valid only when m > 3. When m = 3, the Wick 
rotation cannot be justified, and the integral is in any event divergent. But it 
is just this case that we need for (6.47). 

We will eventually explore the physical meaning of this divergence, but 
for the moment we simply introduce an artificial prescription to make our 
integral finite. Go back to the original expression for the Feynman integral in 
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(6.38), and replace in the photon propagator 


1 1 1 
(k—p)2+ie  (k—-p)2 tie (k—p)2—A2 + ie’ 


(6.51) 


where A is a very large mass. The integrand is unaffected for small k (since 
A is large), but cuts off smoothly when k 2 A. We can think of the second 
term as the propagator of a fictitious heavy photon, whose contribution is 
subtracted from that of the ordinary photon. In terms involving the heavy 
photon, the numerator algebra is unchanged and the denominator is altered 
by 


A — Aq = —ayq? + (1 — z)?m? + zA. (6.52) 


The integral (6.50) is then replaced with a convergent integral, which can be 
Wick-rotated and evaluated: 


[es (jean ~ eae) E J 08 (gap ARP) 


= ap log(“*). (6.53) 


The convergent terms in (6.47) are modified by terms of order A~?, which we 
ignore. 

This prescription for rendering Feynman integrals finite by introducing 
fictitious heavy particles is known as Pauli- Villars regularization. Please note 
that the fictitious photon has no physical significance, and that this method 
is only one of many for defining the divergent integrals. (We will discuss other 
methods in the next chapter; see especially Problem 7.2.) We must hope that 
the new parameter A will not appear in our final results for observable cross 
sections. 

Using formulae (6.49) and (6.53) to evaluate the integrals in (6.47), we 
obtain an explicit, though complicated, expression for the one-loop vertex 
correction: 


|l 
|e 


nN 


1 
z fa dy dz 6(x+y+z—-1) 
0 


x atp) (a flog SE + 5 (0-00-94 + (1—42+2?)m?)] 
+ wat [520-3] Ju (6.54) 


The bracketed expressions are our desired corrections to the form factors. 
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Before we try to interpret this result, let us summarize the calculational 
methods we used. The techniques are common to all loop calculations: 


1. Draw the diagram(s) and write down the amplitude. 


2. Introduce Feynman parameters to combine the denominators of the prop- 
agators. 


3. Complete the square in the new denominator by shifting to a new loop 
momentum variable, £. 


4. Write the numerator in terms of £. Drop odd powers of £, and rewrite 
even powers using identities like (6.46). 


5. Perform the momentum integral by means of a Wick rotation and four- 
dimensional spherical coordinates. 


The momentum integral in the last step will often be divergent. In that case 
we must define (or regularize) the integral using the Pauli-Villars prescription 
or some other device. 

Now that we have parametrized the ultraviolet divergence in (6.54), let 
us try to interpret it. Notice that the divergence appears in the worst possible 
place: It corrects F; (g? = 0), which should (according to our discussion at the 
end of the previous section) be fixed at the value 1. But this is the only effect 
of the divergent term. We will therefore adopt a simple but completely ad hoc 
fix for this difficulty: Subtract from the above expression a term proportional 
to the zeroth-order vertex function (u(p’)y"u(p)), in such a way as to maintain 
the condition F,(0) = 1. In other words, make the substitution 


Fi (g) — EFi (g?) — 6F,(0) (6.55) 


(where ôF; denotes the first-order correction to F,). The justification of this 
procedure involves the minor correction to our S-matrix formula (4.103) men- 
tioned in Section 4.6. In brief, the term we are subtracting corrects for our 
omission of the external leg correction diagrams of (6.1). We postpone the 
justification of this statement until Section 7.2. 

There is also an infrared divergence in F; (q°), coming from the 1/A term. 
For example, at q? = 0 this term is 


Z 


1 1 1l- 
1— 7 — — 
[asdydz deters NX a tele 24 (= as z) 
0 0 


dz maA + finite terms. 


We can cure this disease by pretending that the photon has a small nonzero 
mass u. Then in the denominator of the photon propagator, (k — p}? would 
become (k — p)? — ?. This denominator was multiplied by z in (6.43), so the 
net effect is to add a term zu? to A. We will discuss the infrared divergence 
further in the next two sections. 
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With both of these provisional modifications, the form factors are 
1 
Fi(q?) =1+ = i dy dz 6(a+y+z—-1) 
0 
2 ļ— 2 2 1—4 | 2 } 2 1—3 1 
x ip) 4 ten + ACD 


2(1—z)? — gry m? (1-2)? — gay + pez 


aye A | O(a?); (6.56) 


+ O(a). (6.57) 


P(g) = $ fdzdydz 6(a+y+z-1) | 2m?z(1—2) | 


m?(1—z)?-q@ry 


Note that neither the ultraviolet nor the infrared divergence affects F2(q?). 
We can therefore evaluate unambiguously 


2m?z(1 — z) 
m?(1-— 2)? 


Q 


1 
Fala? 0) =; [ecayacste+y + 1) 
0 


T 


1 1l-z 
a z a 
=— fd = —. . 
= | eJ 1l—~z 2r (6.58) 
0 0 


Thus, we get a correction to the g-factor of the electron: 


g-2 a 
e = — = — 7 .0011614. 59 
a 5 = on 00116 (6.59) 


This result was first obtained by Schwinger in 1948.* Experiments give a, = 
.0011597. Apparently, the unambiguous value that we obtained for F5(0) is 
also, up to higher orders in a, unambiguously correct. 


Precision Tests of QED 


Building on the success of the order-a QED prediction for ae, successive gener- 
ations of physicists have improved the accuracy of both the theoretical and the 
experimental determination of this quantity. The coefficients of the QED for- 
mula for ae are now known through order a4. The calculation of the order-a? 
and higher coefficients requires a systematic treatment of ultraviolet diver- 
gences. 

These challenging theoretical calculations have been matched by increas- 
ingly imaginative experiments. The most recent measurement of ae uses a 
technique, developed by Dehmelt and collaborators, in which individual elec- 
trons are trapped in a system of electrostatic and magnetostatic fields and 


*J. Schwinger, Phys. Rev. 73, 416L (1948). 
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excited to a spin resonance.' Today, the best theoretical and experimental 
values of ae agree to eight significant figures. 

High-order QED calculations have also been carried out for several other 
quantities. These include transition energies in hydrogen and hydrogen-like 
atoms, the anomalous magnetic moment of the muon, and the decay rates of 
singlet and triplet positronium. Many of these quantities have also been mea- 
sured to high precision. The full set of these comparisons gives a detailed test 
of the validity of QED in a variety of settings. The results of these precision 
tests are summarized in Table 6.1. 

There is some subtlety in reporting the results of precision comparisons 
between QED theory and experiment, since theoretical predictions require an 
extremely precise value of a, which can only be obtained from another pre- 
cision QED experiment. We therefore quote each comparison between theory 
and experiment as an independent determination of a. Each value of æ is as- 
signed an error that is the composite of the expected uncertainties from theory 
and experiment. QED is confirmed to the extent that the values of a from 
different sources agree. 

The first nine entries in Table 6.1 refer to QED calculations in atomic 
physics settings. Of these, the hydrogen hyperfine splitting, measured using 
Ramsey’s hydrogen maser, is the most precisely known quantity in physics. 
Unfortunately, the influence of the internal structure of the proton leads to un- 
certainties that limit the accuracy with which this quantity can be predicted 
theoretically. The same difficulty applies to the Lamb shift, the splitting be- 
tween the j = 1/2 2S and 2P levels of hydrogen. The most. accurate QED 
tests now come from systems that involve no strongly interacting particles, 
the electron g—2 and the hyperfine splitting in the e~ z* atom, muonium. The 
last entry in this group gives a new method for determining a, by convert- 
ing a very accurate measurement of the neutron Compton wavelength, using 
accurately known mass ratios, to a value of the electron mass. This can be 
combined with the known value of the Rydberg energy and accurate QED 
formulae to determine a. The only serious discrepancy among these numbers 
comes in the triplet positronium decay rate; however, there is some evidence 
that. diagrams of relative order a? give a large correction to the value quoted 
in the table. 

The next two entries are determinations of a from higher-order QED re- 
actions at high-energy electron colliders. These high-energy experiments typi- 
cally achieve only percent-level accuracy, but their results are consistent with 
the precise information available at lower energies. 

Finally, the last two entries in the table give two independent measure- 
ments of a from exotic quantum interference phenomena in condensed-matter 
systems. These two effects provide a standard resistance and a standard fre- 
quency, respectively, which are believed to measure the charge of the electron 


TR. Van Dyck, Jr., P. Schwinberg, and H. Dehmelt, Phys. Rev. Lett. 59, 26 (1987). 
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Low-Energy QED: 


Electron (g — 2) 

Muon (g — 2) 

Muonium hyperfine splitting 

Lamb shift 

Hydrogen hyperfine splitting 
2381-1 3S; splitting in positronium 
1 So positronium decay rate 

39, positronium decay rate 
Neutron compton wavelength 


High-Energy QED: 
a(ete™ + ete ete") 
a(ere” ete utu) 


Condensed Matter: 


Quantum Hall effect 
AC Josephson effect 
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Table 6.1. Values of a~! Obtained from Precision QED Experiments 


137.035 992 35 (73) 
137.035 5 (1 1) 
137.035 994 (18) 
137.036 8 (7) 
137.036 0 (3) 
137.034 (16) 

137.00 (6) 

136.971 (6) 

137.036 010 1 (5 4) 


136.5 (2.7) 
139.9 (1.2) 


137.035 997 9 (3 2) 
137.035 977 0 (7 7) 


Each value of a displayed in this table is obtained by fitting an experimental 
measurement to a theoretical expression that contains a as a parameter. The 
numbers in parentheses are the standard errors in the last displayed digits, 
including both theoretical and experimental uncertainties. This table is based 
on results presented in the survey of precision QED of Kinoshita (1990). That 
book contains a series of lucid reviews of the remarkable theoretical and ex- 
perimental technology that has been developed for the detailed analysis of 
QED processes. The five most accurate values are updated as given by T. Ki- 
noshita in History of Original Ideas and Basic Discoveries in Particle Physics, 
H. Newman and T. Ypsilantis, eds. (Plenum Press, New York, 1995). This 
latter paper also gives an interesting perspective on the future of precision 
QED experiments. 


with corrections that are strictly zero for macroscropic systems.? 

The entire picture fits together well beyond any reasonable expectation. 
On the evidence presented in this table, QED is the most stringently tested- — 
and the most dramatically successful—of all physical theories. 


For a discussion of these effects, and their exact relation to a, see D. R. Yennie, 
Rev. Mod. Phys. 59, 781 (1987). 
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6.4 The Electron Vertex Function: Infrared Divergence 


Now let us confront the infrared divergence in our result (6.56) for F,(q?). 
The dominant part, in the u — 0 limit, is 


m?(1—4z+27) + q?(1-2)(1-y) 
m? (1-2)? — @ay + pz 


Q 


20 


1 
Fl) = fe dy dz 6(a+y+z~-1) 
0 


m?(1—4z+27) 
m?(1—z)? + pz 


(6.60) 


To understand this expression we must do some work to simplify it, extracting 
and evaluating the divergent part of the integral. Throughout this section we 
will retain only terms that diverge in the limit  — 0. 

First note that the divergence occurs in the corner of Feynman-parameter 
space where z ~ 1 (and therefore x ~ y = 0). In this region we can set z = 1 
and x = y = 0 in the numerators of (6.60). We can also set z = 1 in the u? 
terms in the denominators. Using the delta function to evaluate the z-integral, 
we then have 


1 1-z 
a fi fu —Im? +g? —2m? 
= — |dz 
2T m?(1—z)? — @y(l-z—y) +u? m?(1—2)? + p? 
0 0 


(The lower limit on the z-integral is unimportant.) Making the variable 
changes 


= (1-z)€, w = (1—2), 


this expression becomes 


1 
1 2 2m" +q —2m? 
dé 1 [aww ) i qE(1—€)]w? Fu mw? a 


—~2m? + g m? g°é(1-€) m? 
a È — PE(1~€) log( p? ) i 21og( p? J| 


Fi (°) = 


II 


In the limit u — 0 we can ignore the details of the numerators inside the 
logarithms; anything proportional to m? or q? is effectively the same. We 
therefore write 


2 2 
FP) =1~ = fin(@?) log(—2 5 ) 2 61 
UP) =1~ 5 fin(?)log(—— 5) + O(a?), (6-61) 

where the coefficient of the divergent logarithm is 


1 


m? — q?/2 
firla o= [Ge Fe 5) a L. (6.62) 
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Since q? is negative and €(1—€) has a maximum value of 1/4, the first term 
is greater than 1 and hence fir(q’) is positive. 

How does this infinite term affect the cross section for electron scattering 
off a potential? Since F\(g?) is just the quantity that multiplies y” in the 
matrix element, we can find the new cross section by making the replacement 
e — e- Fi (°). The cross section for the process p —> p’ is therefore 


ax (h E * fin?) og (ZE) + 0(0°)], (6.63) 


where the first factor is the tree-level result. Note that the O(a) correction 
to the cross section is not only infinite, but negative. Something is terribly 
wrong. 

To gain a better understanding of the divergence, let us evaluate the 
coefficient of the divergent logarithm, frr(q°), in the limit —q? — oo. In this 
limit, we find a second logarithm: 


1 
—q? /2 equal contribution 
Jeh aa fia TT (eee) 
—@E(1—-£) +m E+m from £ = 1 
0 


2 


= log(—5). (6.64) 


The form factor in this limit is therefore 


_ 72 

Fy (—q? + 00) = 1 — tog (—4 ) tos (=F -) + O(a 2), (6.65) 

Note that the numerator in the second logarithm is —q?, not m?; this expres- 

sion contains not only the correct coefficient of log(1/p), but also the correct 
coefficient: of log?(q?). 

The same double logarithm of —q? appeared in the cross section for soft 
bremsstrahlung, Eq. (6.26). This correspondence points to a resolution of the 
infrared divergence problem. Comparing (6.65) with (6.26), we find in the 
limit —q? — co 

do do g? -¢ 2 
a? > P= (Ge )ol r 8 Gaz) (Ge) +2]; 
2 2 


mOr += (Gaol + irla (Ge) +e]; 
The separate cross sections are divergent, but their sum is independent of u 
and therefore finite. 

In fact, neither the elastic cross section nor the soft bremsstrahlung cross 
section can be measured individually; only their sum is physically observable. 
In any real experiment, a photon detector can detect photons only down to 
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some minimum limiting energy Ee. The probability that a scattering event 
occurs and this detector does not see a photon is the sum 


do do do 
mP >p')+ OP > p' +7(k < Ep)) = (= 


The divergent part of this “measured” cross section is 


Jenner CP 


2 


(55 Jacana (G Ene E) 
+5-Tv,v v')log( = ) + O(07)]. 


We have just seen that Z(v,v’) = 2ftr(q?) when —q? >> m°. If the same 
relation holds for general q?, the measured cross section becomes 
2 


(Baa * Camel! Eie (E) ee], e 


which depends on the experimental conditions, but no longer on p?. The 
infrared divergences from soft bremsstrahlung and from F(q?) cancel each 
other, yielding a finite cross section for the quantity that can actually be 
measured. 

We must still verify the identity Z(v,v’) = 2ftr(q*) for arbitrary values 
of q°. From (6.13) we have 


dQ 2p- p' 2 2 
Ivv) = | K( PP ml Biki ). (6.69) 
dn \(k-p)(k-p) (kp)? (k:p)? 
The last two terms are easy to evaluate: 


TTE l =z | dooss l -1-1 
4r (k.p)? 2 5 (p? — pcos0)2? pp? m?’ 


In the first term, we can combine the denominators with a Feynman parameter 
and perform the integral in the same way: 
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(In the last step we have used 2p - p' = 2m? — q?.) Putting all the terms of 
(6.69) together, we find 
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just what we need to cancel the infrared divergence. 

Although Eq. (6.68) demonstrates the cancellation of the infrared diver- 
gence, this result has little practical use. An experimentalist would want to 
know the precise dependence on q*, which we did not evaluate carefully. Re- 
call from (6.65), however, that we were careful to obtain the correct coefficient 
of log”(~q?) in the limit —g? > m2. In that limit, therefore, (6.68) becomes 


(Fo) cas G SSE) (GE) Howey}. orn 


This result is unambiguous and useful. Note that the O(a) correction again 
involves the Sudakov double logarithm. 


6.5 Summation and Interpretation 
of Infrared Divergences 


The discussion of infrared divergences in the previous section suffices for re- 
moving the infinities from our bremsstrahlung and vertex-correction calcula- 
tions. There are still, however, three points that we have not addressed: 


1. We have not demonstrated the cancellation of infrared divergences beyond 
the leading order. 


2. The correction to the measured cross section that we found after the 
infrared cancellation (Eqs. (6.68) and (6.71)) can be made arbitrarily 
negative by making photon detectors with a sufficiently low threshold Ep. 


3. We have not yet reproduced the classical result (6.19) for the number of 
photons radiated during a collision. 


The solutions of the second and third problems will follow immediately from 
that of the first, to which we now turn. 

A complete treatment of infrared divergences to all orders is beyond the 
scope of this book.* We will discuss here only the terms with the largest 
logarithmic enhancement at each order of perturbation theory. In general, 
these terms are of order 

2 2 


[ea SE) G] or 


in the nth order of perturbation theory. Our final physical conclusions were 
first presented by Bloch and Nordsieck in a prescient paper written before the 
invention of relativistic perturbation theory.' We will follow a modern, and 
simplified, version of the analysis due to Weinberg.t 


*The definitive treatment is given in D. Yennie, S. Frautschi, and H. Suura, Ann. 
Phys. 13, 379 (1961). 


İF. Bloch and A. Nordsieck, Phys. Rev. 52, 54 (1937). 
tS. Weinberg, Phys. Rev. 140, B516 (1965). 
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Infrared divergences arise from photons with “soft” momenta: real pho- 
tons with energy less than some cutoff Ey, and virtual photons with (after 
Wick rotation) k? < E?. A typical higher-order diagram will involve numer- 
ous real and virtual photons. But to find a divergence, we need more than 
a soft photon; we need a singular denominator in an electron propagator. 
Consider, for example, the following two diagrams: 


The first diagram, in which the electron emits a soft photon followed by a 
hard photon, has no infrared divergence, since the momenta in both electron 
propagators are far from the mass shell. If the soft photon is emitted last, 
however, the denominator of the adjacent propagator is (p’ + k)? — m? = 
2p’ - k, which vanishes as k — 0. Thus the second diagram does contain a 
divergence. We would like, then, to consider diagrams in which an arbitrary 
hard process, possibly involving emission of hard and soft photons, is modified 
by the addition of soft real and virtual photons on the electron legs: 


arbitrary 
soft d hard process 
real an 
virtual 
photons 


Following Weinberg, we will add up the contributions of all such diagrams. 
The only new difficulty in this calculation will be in the combinatorics of 
counting all the ways in which the photons can appear. 

First consider the outgoing electron line: 


1 


p 


p'+ki 


p +ki tke 


ky 


k3 
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We attach n photons to the line, with momenta k,...k,. For the moment we 
do not care whether these are external photons, virtual photons connected to 
each other, or virtual photons connected to vertices on the incoming electron 
line. The Dirac structure of this diagram is 


IW Hs +) ay HC + Ka + Hy +m) 
2p- ka Y 20!- (ky + ka) + OZ) 


(eo + Kitii +k, +m) 
2p! (ky + kn) + O(k?) 


u(p’)(—iey"") 
(6.73) 


. ( iey””) (iMnara) trta’ 
We will assume that all the k; are small, dropping the O(k?) terms in the 
denominators. We will also drop the %, terms in the numerators, just as in 
our treatment of bremsstrahlung in Section 6.1. Also, as we did there, we can 
push the factors of (g + m) to the left and use u(p')(—p’ + m) = 0: 


up’) yo" +m) y +m) oo = up’) 2p’ e +m) «+ 
= u(p') 2p 2p? 


This turns expression (6.73) into 


0) (ere) (atk a) E (rw + z=) oo 678 


Still working with only the outgoing electron line, we must now sum over 
all possible orderings of the momenta ky... kn. (This procedure will overcount 
when two of the photons are attached together to form a single virtual photon. 
We will deal with this overcounting later.) There are n! different diagrams to 
sum, corresponding to the n! permutations of the n photon momenta. Let 7 
denote one such permutation, so that 7(2) is the number between 1 and n that 
t is taken to. (For example, if m denotes the permutation that takes 1 > 3, 
2— 1 and 3 — 2, then 7(1) = 3, 7(2) = 1, and 7(3) = 2.) 

Armed with this notation, we can perform the sum over permutations by 
means of the following identity: 


1 1 1 
all 3N Pikea) Pi (kra) + kac) P: (kaa) + karqo) + kan) 
tations 7 


11 1 
pki peka pkn 


(6.75) 


The proof of this formula proceeds by induction on n. For n = 2 we have 


> 1 1 1 1 + 1 1 
— Dike) Pi (kratka) pki p- (kitka) pka p: (k2+kı) 


o1 1 
p-ky p-ka` 
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For the induction step, notice that the last factor on the left-hand side of 
(6.75) is the same for every permutation 7. Pulling this factor outside the 
sum, the left-hand side becomes 

1 1 I 1 
LHS = a ; 
P: L k > P: kz(1) P: (kz) tkz(2)) P: (kr) ++ kx(n-1)) 


For any given 7, the quantity being summed is independent of k,(,). Letting 
i = T(n), we can now write 


y-Ld 


where m'(i} is the set of all permutations on the remaining n — 1 integers. 
Assuming by induction that (6.75) is true for n — 1, we have 


1 ho o1 1 1 1 1 
LHS = _ a. ; 
Dok php hs p: ki-1ı p` kiyi = p- kn, 


If we now multiply and divide each term in this sum by p-k;, we easily obtain 
our desired result (6.75). 
Applying (6.75) to (6.74), we find 


where the blob denotes a sum over all possible orders of inserting the n photon 
lines. 

A similar set of manipulations simplifies the sum over soft photon inser- 
tions on the initial electron line. There, however, the propagator momenta are 
p— kı, p— kı — ke, and so on: 


k 
ky āãăě ” 


kı 


We therefore get an extra minus sign in the factor for each photon, since 
(p — Xk)? — m? & —2p- Dk. 


a 
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Now consider diagrams containing a total of n soft photons, connected in 
any possible order to the initial or final electron lines. The sum over all such 
diagrams can be written 


pl 


ky 
= up’) iM hara U(p) 
k pr p“ pi p“? (6.77) 
n -€ -E€ 
G ak) Gr p: ko 
— Aa n n 
soft (2 _ Pt ). 
p . kn P: kn 


By multiplying out all the factors, you can see that we get the correct term 
for each possible way of dividing the n photons between the two lines. 

Next we must decide which photons are real and which are virtual. 

We can make a virtual photon by picking two photon momenta k; and k3, 
setting k; = —k; = k, multiplying by the photon propagator, and integrating 
over k. For each virtual photon we then obtain the expression 

2 4 ; 1 I 

5 fas (2 7) -( P P )=x. (6.78) 

2 J (27) k?+ie\p -k p-k -p-k —p-k 
The factor of 1/2 is required because our procedure has counted each Feynman 
diagram twice: interchanging k; and k; gives back the same diagram. It is 
possible to evaluate this expression by careful contour integration, but there 


is an easier way. Notice that this approximation scheme assigns to the diagram 
with one loop and no external photons the value 


alp’) (iMnara) u(p) : X. 


Thus, X must be precisely the infrared limit of the one-loop correction to the 
form factor, as displayed in (6.61): 


x = -£ fin(q?) log E 
= -za ) (75) (6.79) 
A direct derivation of this result from (6.78) is given in Weinberg’s paper cited 
above. Note that result (6.79) followed in our argument of the previous sec- 
tion only after the subtraction at q? = 0, and so we should worry whether 
(6.79) is consistent with the corresponding subtraction of the nth-order dia- 
gram. In addition, some of the diagrams we are summing contain external-leg 
corrections, which we have not discussed. Here we simply remark that nei- 
ther of these subtleties affects the final answer; the proof requires the heavy 
machinery in the paper of Yennie, Frautschi, and Suura. 

If there are m virtual photons we get m factors like (6.79), and also an 
additional symmetry factor of 1/m! since interchanging virtual photons with 
each other does not change the diagram. We can then sum over m to obtain 
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the complete correction due to the presence of arbitrarily many soft virtual 
photons: 


)u(p) exp(X). (6.80) 


If in addition to the m virtual photons we also emit a real photon, we must 
multiply by its polarization vector, sum over polarizations, and integrate the 
squared matrix element over the photon’s phase space. This gives an additional 


factor 
dk 1 2 pt pë p p” 
v =Y 6.81 
Jern” mw) (Sy ale a) (6.81) 


in the cross section. Assuming that the energy of the photon is greater than 
p and less than E; (the detector threshold), this expression is simply 


Y= ST, v vlog (=! ) = = fing *)tos(=5). (6.82) 


If n real photons are emitted we get n such factors, and also a symmetry 
factor of 1/n! since there are n identical bosons in the final state. The cross 
section for emission of any number of soft photons is therefore 


de æ , 
Sper +ny) = Pp) oY Tp > p’) -exp(Y). 


(6.83) 

Combining our results for virtual and real photons gives our final result 

for the measured cross section, to all orders in a, for the process p — p'+ 
(any number of photons with k < Eg): 


(aan = GE x00 


do a 2 —q? a 2 E? 
= (ig), P [FIRA oe( 7a) ] x eo [fia oa) 
do a 9 —q? 
=(2 -2 tog( =) 6.84 
(h x exp | Iie) el E2 (6.84) 
The correction factor depends on the detector sensitivity Es, but is indepen- 
dent of the infrared cutoff u. Note that if we expand this result to O(a), 
we recover our earlier result (6.68). Now, however, the correction factor is 
controlled in magnitude—always between 0 and 1. 
In the limit —q? >> m?, our result becomes 
z) log ( I (6.85) 
BP 


g 
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In this limit, the probability of scattering without emitting a hard photon 
decreases faster than any power of g?. The exponential correction factor, con- 
taining the Sudakov double logarithm, is known as the Sudakov form factor. 

To conclude this section, let us calculate the probability, in the same ap- 
proximation, that some hard scattering process is accompanied by the produc- 
tion of n soft photons, all with energies between E_ and E. The phase-space 
integral for these photons gives log(E,/E_) instead of log(E,/:). If we as- 
sign photons with energy greater than E, to the “hard” part of the process, 
we find that the cross section is given by (6.84), times the additional factor 

2 n 
Prob(ny with E_<E<E,)= T [E firð) loz (7+) 

7 (6.86) 


a 2 F? 
-fre os( gr): 
x exp| 7 fin(a) log] Fe 
This expression has the form of a Poisson distribution, 
li, 
P(n) = —A"e A, 
with 


a E. 
à= (n) = —lo ( +) Z(v, v’). 
(n) = © 1og( Z+) Z0, v’) 
This is precisely the semiclassical estimate of the number of radiated photons 
that we made in Eq. (6.19). 
Problems 
6.1 Rosenbluth formula. As discussed Section 6.2, the exact electromagnetic in- 


teraction vertex for a Dirac fermion can be written quite generally in terms of two 
form factors F (gq?) and F2(q?): 


where q = p’—p and o#” = ail, y”]. If the fermion is a strongly interacting particle 
such as the proton, the form factors reflect the structure that results from the strong 
interactions and so are not easy to compute from first principles. However, these form 
factors can be determined experimentally. Consider the scattering of an electron with 
energy E >> me from a proton initially at rest. Show that the above expression for 
the vertex leads to the following expression (the Rosenbluth formula) for the elastic 
scattering cross section, computed to leading order in a but to all orders in the strong 
interactions: 


2 2 
2 2) 0.2 0 an2 0 
Ta? [ri ~ ge F3) cos? $ — Oa: (Fi + Fo)? sin g 


do 
dcos 0 2E2[1 + 2E sin? 8] siní g 


? 
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where @ is the lab-frame scattering angle and Fı and Fz are to be evaluated at the 
q? associated with elastic scattering at this angle. By measuring (do/dcos@) as a 
function of angle, it is thus possible to extract Fy and F2. Note that when F} = 1 and 
Fy = 0, the Rosenbluth formula reduces to the Mott formula (in the massless limit) 
for scattering off a point particle (see Problem 5.1). 


6.2 Equivalent photon approximation. Consider the process in which electrors 
of very high energy scatter from a target. In leading order in q, the electron is connected 
to the target by one photon propagator. If the initial and final energies of the electron 
are E and E’, the photon will carry momentum q such that q? ~ —2EE’(1 — cos@). 
In the limit of forward scattering, whatever the energy loss, the photon momentum 
approaches q? = 0; thus the reaction is highly peaked in the forward direction. It is 
tempting to guess that, in this limit, the virtual photon becomes a real photon. Let us 
investigate in what sense that is true. 


(a) The matrix element for the scattering process can be written as 
— onini aH 9 KAY 
M = (-ie)ulp’)y up) (q), 


where M” represents the (in general, complicated) coupling of the virtual photon 
to the target. Let us analyze the structure of the piece u(p’)yu(p). Let q = 
(q°,q), and define G = (q°, -q). We can expand the spinor product as: 


u(p')yu(p) = Aq” +B- +C-d + D-&, 


where A, B, C, D are functions of the scattering angle and energy loss and é; 
are two unit vectors transverse to q. By dotting this expression with qu, show 
that the coefficient B is at most of order 07. This will mean that we can ignore 
it in the rest of the analysis. The coefficient A is large, but it is also irrelevant, 
since, by the Ward identity, g*M,, = 0. 


(b) Working in the frame where p = (£,0,0, E), compute explicitly 
u(p')y- eiulp) 


using massless electrons, u(p) and u(p’) spinors of definite helicity, and €1, €2 
unit vectors parallel and perpendicular to the plane of scattering. We need this 
quantity only for scattering near the forward direction, and we need only the 
term of order 6. Note, however, that for € in the plane of scattering, the small 3 
component of € also gives a term of order 0 which must be taken into account. 

(c) Now write the expression for the electron scattering cross section, in terms of 
Me |? and the integral over phase space on the target side. This expression 
must be integrated over the final electron momentum p’. The integral over p” 3 
is an integral over the energy loss of the electron. Show that the integral over 
p’, diverges logarithmically as p', or 0 — 0. 

(d) The divergence as 0 — 0 appears because we have ignored the electron mass in 
too many places. Show that reintroducing the electron mass in the expression 
for q?, 

q? = —2(EE’ — pp’ cos 0) + 2m?, 


cuts off the divergence and yields a factor of log(s/m7) in its place. 


210 


(e) 


6.3 
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Assembling all the factors, and assuming that the target cross sections are inde- 
pendent of the photon polarization, show that the largest part of the electron- 
target scattering cross section is given by considering the electron to be the 
source of a beam of real photons with energy distribution (x = E/E): 
a s 
N, (x}dz = ae [1+ (1 -2)?] log (5 ). 

This is the Weizsacker-Williams equivalent photon approzvimation. This phe- 
nomenon allows us, for example, to study photon-photon scattering using e+ e7 
collisions. Notice that the distribution we have found here is the same one that 
appeared in Problem 5.5 when we considered soft photon emission before elec- 
tron scattering. It should be clear that a parallel general derivation can be con- 
structed for that case. 


Exotic contributions to g — 2. Any particle that couples to the electron can 


produce a correction to the electron-photon form factors and, in particular, a correction 


to g- 


2. Because the electron g—2 agrees with QED to high accuracy, these corrections 


allow us to constrain the properties of hypothetical new particles. 


(a) 


(b) 


(c) 


The unified theory of weak and electromagnetic interactions contains a scalar 
particle h called the Higgs boson, which couples to the electron according to 


Aà 
Hing = | x h yy. 
int V2 up 
Compute the contribution of a virtual Higgs boson to the electron (g — 2), in 
terms of À and the mass mpy of the Higgs boson. 


QED accounts extremely well for the electron’s anomalous magnetic moment. If 
a= (g ~~ 2)/2, 

|aexpt. — @Qmp| < 1 x 10719. 
What limits does this place on À and mp? In the simplest version of the elec- 
troweak theory, à = 3 x 1076 and mp > 60 GeV. Show that these values are 
not excluded. The coupling of the Higgs boson to the muon is larger by a fac- 


tor (m,/me): A= 6 x 1074. Thus, although our experimental knowledge of the 
muon anomalous magnetic moment is not as precise, 


|dexpt. — aQED| <3 x 1078, 


one can still obtain a stronger limit on mp. Is it strong enough? 


Some more complex versions of this theory contain a pseudoscalar particle called 
the avion, which couples to the electron according to 


iÀ = 
Him = | dx W apy. 
The axion may be as light as the electron, or lighter, and may couple more 


strongly than the Higgs boson. Compute the contribution of a virtual axion to 
the g — 2 of the electron, and work out the excluded values of À and mg. 


Chapter 7 


Radiative Corrections: 
Some Formal Developments 


We cheated four times in the last three chapters,* stating (and sometimes 
motivating) a result but postponing its proof. Those results were: 


1. The formula for decay rates in terms of S-matrix elements, Eq. (4.86). 


2. The master formula for S-matrix elements in terms of Feynman diagrams, 
Eq. (4.103). 
3. The Ward identity, Eq. (5.79). 


4. The ad hoc subtraction to remove the ultraviolet divergence in the vertex- 
correction diagram, Eq. (6.55). 


It is time now to return to these issues and give them a proper treatment. In 
Sections 7.2 through 7.4 we will derive all four of these results. The knowledge 
we gain along the way will help us interpret the three remaining loop correc- 
tions for electron scattering from a heavy target shown in (6.1): the external 
leg corrections and the vacuum polarization. We will evaluate the former in 
Section 7.1 and the latter in Section 7.5. 

This chapter will be more abstract than the two preceding ones. Its main 
theme will be the singularities of Feynman diagrams viewed as analytic func- 
tions of their external momenta. We will find, however, that this apparently 
esoteric subject is rich in physical implications, and that it illuminates the rela- 
tion between Feynman diagrams and the general principles of quantum theory. 


7.1 Field-Strength Renormalization 


In this section we will investigate the analytic structure of the two-point cor- 
relation function, 


(QTE(z)oy) 2) or (Q| Tyle) |9). 


In a free field theory, the two-point function (0| T¢(x)d(y) |0} has a simple 
interpretation: It is the amplitude for a particle to propagate from y to x. To 
what extent does this interpretation carry over into an interacting theory? 


*A fifth cheat, postulating rather than deriving the photon propagator, will be 
remedied in Chapter 9. 
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Our analysis of the two-point function will rely only on general principles 
of relativity and quantum mechanics; it will not depend on the nature of 
the interactions or on an expansion in perturbation theory. We will, however, 
restrict our consideration to scalar fields. Similar results can be obtained for 
correlation functions of fields with spin; we will display the analogous result 
for Dirac fields at the end of the analysis. 

To dissect the two-point function (Q|T¢(x)é(y) |Q) we will insert the 
identity operator, in the form of a sum over a complete set of states, between 
(x) and o(y). We choose these states to be eigenstates of the full interacting 
Hamiltonian, H. Since the momentum operator P commutes with H, we 
can also choose the states to be eigenstates of P. But we can also make 
a stronger use of Lorentz invariance. Let |Ag) be an eigenstate of H with 
momentum zero: P |o) = 0. Then all the boosts of |X9) are also eigenstates 
of H, and these have all possible 3-momenta. Conversely, any eigenstate of H 
with definite momentum can be written as the boost of some zero-momentum 
eigenstate |o). The eigenvalues of the 4-momentum operator P” = (H, P) 
organize themselves into hyperboloids, as shown in Fig. 7.1. 

Recall from Chapter 2 that the completeness relation for the one-particle 
states is 


3p 
(1), partite = | E 3 oo Ip) (Pl. (7.1) 


We can write an analogous completeness relation for the entire Hilbert space 
with the aid of a bit of notation. Let |Ap) be the boost of |A9) with momen- 
tum p, and assume that the states |Ap), like the one-particle states |p), are 
relativistically normalized. Let Ep(A) = V/ |p|? + m4, where m, is the “mass” 
of the states |X»), that is, the energy of the state |Ao). Then the desired com- 
pleteness relation is 


K Sfi ag Pe) Url: (7.2) 


where the sum runs over all zero-momentum states |Ao). 

We now insert this expansion between the operators in the two-point 
function. Assume for now that 2° > y°. Let us drop the uninteresting constant 
term (Q| d(x) |Q) (Q| (y) 9). (This term is usually zero by symmetry; for 
higher-spin fields, it is zero by Lorentz invariance.) The two-point function is 
then 


awn | oe ay (dle) Xp) AD (7.3) 
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Figure 7.1. The eigenvalues of the 4-momentum operator P# = (H, P) oc- 
cupy a set of hyperboloids in energy-momentum space. For a typical theory 
the states consist of one or more particles of mass m. Thus there is a hyper- 
boloid of one-particle states and a continuum of hyperboloids of two-particle 
states, three-particle states, and so on. There may also be one or more bound- 
state hyperboloids below the threshold for creation of two free particles. 


We can manipulate the matrix elements as follows: 
(Ql p(z) |Ap) = (Qe *6(O)e"P* |Ap) 
= (2 6(0) Ap) e P? om, 
= (9 (0) A0) 7P? op 


(7.4) 


The last equality is a result of the Lorentz invariance of (Q| and (0): Insert 
factors of U-!U, where U is the unitary operator that implements a Lorentz 
boost from p to 0, and use U¢(0)U—! = (0). (For a field with spin, we would 
need to keep track of its nontrivial Lorentz transformation.) Introducing an 
integration over p°, our expression for the two-point function (still for z? > y?) 
becomes 


(Q (2) oy) |Q) = 2 JE 772 aap © PKO 0(0) (ro) (7.5) 


Note the appearance of the Feynman propagator, Dr(x — y), but with m 
replaced by my. 
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Figure 7.2. The spectral function (M7) for a typical interacting field the- 
ory. The one-particle states contribute a delta function at m? (the square of 
the particle’s mass). Multiparticle states have a continuous spectrum begin- 
ning at (2m)?. There may also be bound states. 


Analogous expressions hold for the case y? > z?. Both cases can be sum- 
marized in the following general representation of the two-point function (the 
Kallén-Lehmann spectral representation): 


ATAID = | T= (M2) Drey M), Te) 


0 


where p(M7) is a positive spectral density function, 


p(M?) = S~(2m)6(M? — m2)| (QI 4(0) |Ao) |. (7.7) 
A 


The spectral density p(M°) for a typical theory is plotted in Fig. 7.2. 
Note that the one-particle states contribute an isolated delta function to the 
spectral density: 


p(M*) = 27 6(M? — m?) - Z + (nothing else until M? 2 (2m)?), (7.8) 


where Z is some number given by the squared matrix element in (7.7). We 
refer to Z as the field-strength renormalization. The quantity m is the exact 
mass of a single particle—the exact energy eigenvalue at rest. This quantity 
will in general differ from the value of the mass parameter that appears in the 
Lagrangian. We will refer to the parameter in the Lagrangian as mo, the bare 
mass, and refer to m as the physical mass of the ¢ boson. Only the physical 
mass m is directly observable. 

The spectral decomposition (7.6) yields the following form for the Fourier 
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isolated poles from branch cut 
pole bound 
states 


Figure 7.3. Analytic structure in the complex p?-plane of the Fourier trans- 
form of the two-point function for a typical theory. The one-particle states 
contribute an isolated pole at the square of the particle mass. States of two 
or more free particles give a branch cut, while bound states give additional 
poles. 


transform of the two-point function: 


fize oTo yao) oy = 2E m?) i 
7 7 E on ? p?—-M?-+ie 
0 
. (7.9) 
iZ dM? i 
7 pompie * f Qn p(M ) Mie 


The analytic structure of this function in the complex p?-plane is shown in 
Fig. 7.3. The first term gives an isolated simple pole at p? = m°, while the 
second term contributes a branch cut beginning at p? = (2m)?. If there are 
any two-particle bound states, these will appear as additional delta functions 
in p(M7) and thus as additional poles below the cut. 

In Section 2.4, we found an explicit result for the two-point correlation 
function in the theory of a free scalar field: 


f dtz eè”? (0| T(x) (0) |0) = 


i 
Pome’ (7.10) 
We interpreted this formula, for z° > 0, as the amplitude for a particle to 
propagate from 0 to x. Equation (7.9) shows that the two-point function 
takes a similar form in the most general theory of an interacting scalar field. 
The general expression is essentially a sum of scalar propagation amplitudes 
for states created from the vacuum by the field operator ¢(0). There are 
two differences between (7.9) and (7.10). First, Eq. (7.9) contains the field- 
strength renormalization factor Z = | (Ao! (0) |Q) |?, the probability for (0) 
to create a given state from the vacuum. In (7.10), this factor is included 
implicitly, since (p| ¢(0) |0} = 1 in free field theory. Second, Eq. (7.9) contains 
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contributions from multiparticle intermediate states with a continuous mass 
spectrum. In free field theory, (0) can create only a single particle from the 
vacuum. With these two differences, (7.9) is a direct generalization of (7.10). 

It will be important in our later analysis that the contributions to (7.9) 
from one-particle and multiparticle intermediate states can be distinguished 
by the strength of their analytic singularities. The poles in p? come only from 
one-particle intermediate states, while multiparticle intermediate states give 
weaker branch cut singularities. We will see in the next section that this rather 
formal observation generalizes to higher-point correlation functions and plays 
a crucial role in our derivation of the diagrammatic formula for $-matrix 
elements. 

The analysis of this section generalizes directly to two-point functions of 
higher-spin fields. The main complication comes in the generalization of the 
manipulation (7.4), since now the field has a nontrivial transformation law 
under boosts. In general, several invariant spectral functions are required to 
represent the multiparticle states. But this complication does not affect the 
major result that a pole in p? can arise only from the contribution of a single- 
particle state created by the field operator. The two-point function of Dirac 
fields, for example, has the structure 


firer Tubo n = ARO) 


p? — m? + ie 


; (7.11) 

— (btm) 
p? —m? + ie ; 

where the omitted terms give the multiparticle branch cut. As in the scalar 

case, the constant Z2 is the probability for the quantum field to create or 


annihilate an exact one-particle eigenstate of H: 
(Q] (0) |p, s) = vV Z2 u° (p). (7.12) 


(For an antiparticle, replace u with 7.) At the pole, the Dirac two-point func- 
tion is exactly that of a free field with the physical mass, aside from the 
rescaling factor Z2. 


An Example: The Electron Self-Energy 


This nonperturbative analysis of the two-point correlation function has been 
very different from our usual direct analysis of Feynman diagrams. But since 
this derivation was done in complete generality, the singularity structure of 
the two-point function that it implies ought also to be visible in a Feynman 
diagram computation. In the rest of this section we will explicitly check our 
results for the electron two-point function in QED. 

The electron two-point function is equal to the sum of diagrams 


Tyle = — + n +o. (7.13) 


y T y 
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Each of these diagrams, according to the Feynman rules for correlation func- 
tions, contains a factor of e’?-¥) for the two external points and an inte- 
gration f(d‘p/(2m)*) over the momentum p carried by the initial and final 
propagators. We will consistently omit these factors in this section; in other 
words, each diagram will denote the corresponding term in the Fourier trans- 
form of the two-point function. 

The first diagram is just the free-field propagator: 


— e a itm, (7.14) 


p p — mê +ie 


Throughout this calculation, we will write mo instead of m as the mass in the 
electron propagator. This makes explicit the fact noted above that the mass 
appearing in the Lagrangian differs, in general, from the observable rest energy 
of a particle. However, if a perturbation expansion is applicable, the leading- 
order expression for the propagator should approximate the exact expression. 
Indeed, the function (7.14) has a pole, of just the form of (7.11), at p? = mê. 
We therefore expect that the complete expression for the two-point function 
also has a pole of this form, at a slightly shifted location m? = m2 + O(a). 

The second diagram in (7.13), called the electron self-energy, is somewhat 
more complicated: 


a—p-—k 
i(p+m +m 
SO. ee Do( vers 7 (7.15) 
P k D 


where 


l l d*k i(K + mo) = 
7 _ 2 p 
i%2(p) = (~ie) lm Y h2 m2 + ie H PZR — p Fie’ 


(7.16) 


(The notation Y2 indicates that this is the second-order (in e) contribution to 
a quantity © that we will define below.) The integral Xo has an infrared 
divergence, which we have regularized by adding a small photon mass p. 
Outside this integral, the diagram seems to have a double pole at p? = m2. 
All in all, the form of this correction is quite unpleasant. But let us press on 
and try to evaluate )o(p) using the calculational techniques developed for the 
vertex correction in the Section 6.3. 


First introduce a Feynman parameter to combine the two denominators: 


1 


1 -f 1 
dz 
k?—m2+ie (p—k)?—p? +ie J [k?—2rk.p+ep?—rp?-—(1 x)m3+ie]” 
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Now complete the square and define a shifted momentum £ = k—xp. Dropping 
the term linear in £ from the numerator, we have 


dl aoe 4mo 
~—ide(p = Te hi e fn IA F id? ; (7.17) 


where A = ~a(1—a)p? + zu? + (1—x)m2. The integral over £ is divergent. To 
evaluate it, we first regulate it using the Pauli-Villars procedure (6.51): 
1 1 1 
> . 
(p-k)? - u? +ie (p-k)? -u +ie (pk)? — A? + ie 
The second term will have the same form as (7.17), but with ys replaced by A. 


As in Section 6.3, we now Wick-rotate and substitute the Euclidean variable 
&% = —i°. This gives 


[e0] 


J ony cary. ap | Mp (a? +P A xp) 


= i tog(ĉ4), (7.18) 


where 
Ay = —x(1—2)p* + rA? + (1—2)m? jean zA’. 


The final result is therefore 


i 2 
zÀ 


X2(p) = = i (2mo — rp) toe( (Oami + rp? — a rp? ) (7.19) 
0 


Before discussing the divergences in this expression, let us work out its 
analytic behavior as a function of p?. The logarithm in (7.19) has a branch 
cut when its argument becomes negative, and for any fixed x this will occur 
for sufficiently large p?. More exactly, the cut begins at the point where 


(1-r)m + zu? — x(1—x)p? = 0. 


Solving this equation for x, we find 


oul + må p 4 (P + me -pP m 
2 2p 2p 4p* p? 
1 me we 1 
=> + v 2 tpt)? | p? — —p)?). 7.20 
9 + 2p? 2p2 2p2 [p (mo L) II (mo Lt) ] ( ) 


The branch cut of X2(p°) begins at the minimum value of p? such that this 
equation has a real solution for x between 0 and 1. This occurs when p? = 
(mo + 44)’, that is, at the threshold for creation of a two-particle (electron 
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plus photon) state. In fact, it is a simple exercise in relativistic kinematics to 
show that the square root in (7.20), written in the form 


b= 1)? [p — (mo = m)?], 


is precisely the momentum in the center-of-mass frame for two particles of 
mass mo and yz and total energy Vp. It is natural that this momentum be- 
comes real at the two-particle threshold. The location of the branch cut is 
exactly where we would expect from the Källén-Lehmann spectral represen- 
tation. 

We have now located the two-particle branch cut predicted by the Källén- 
Lehmann representation, but we have not found the expected simple pole at 
p = m?. To find it we must actually include an infinite series of Feynman 
diagrams. Fortunately, this series will be easily summed. 

Let us define a one-particle irreducible (1PI) diagram to be any diagram 
that cannot be split in two by removing a single line: 


oo is IPI, while SE is not. 


Let —iX(p) denote the sum of all 1PI diagrams with two external fermion 
lines: 


-zo = {ar 
OA Ma FOR ay 


7 HUS 
(Although each diagram has two external lines, the Feynman propagators for 
these lines are not to be included in the expression for X(p).) To leading order 


in @ we see that X = No. 
The Fourier transform of the two-point function can now be written as 


[ete alr w(es(0) e HD 


<a i e G) 


~ Meena) | a in) yn. (7.22) 


In real QED, u = 0 and the two-particle branch cut merges with the one-particle 
pole. This subtlety plays a role in the full treatment of the cancellation of infrared 
divergences, but it is beyond the scope of our present analysis. 
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The first diagram has a simple pole at p? = m2. Each diagram in the second 
class has a double pole at p? = m@. Each diagram in the third class has a 
triple pole. The behavior near p? = m? gets worse and worse as we include 
more and more diagrams. But fortunately, the sum of all the diagrams forms 
a geometric series. Note that (p) commutes with y, since X(p) is a function 
only of pure numbers and ø. In fact, we can consider X(p) to be a function 
of ø, writing p? = (p)?. Then we can rewrite each electron propagator as 
+/(g@ — mo) and express the above series as 


[ax (ATHE) 0) ee 

i io 7 Sp) i Sp) \2 
= Fone t Fame Game) t Fm Fe me) mo 
~ J m E(P) 


The full propagator has a simple pole, which is shifted away from mp by E(p). 
The location of this pole, the physical mass m, is the solution of the 
equation 


(7.23) 


[4 — mo = E(P] |y-m= 0 (7.24) 


Notice that, if X(g) is defined by the convention (7.21), then a positive con- 
tribution to X yields a positive shift of the electron mass. Close to the pole, 
the denominator of (7.23) has the form 


dX 

sm (1-2 

Thus the full electron propagator has a single-particle pole of just the form 
(7.11), with m given by (7.24) and 


) +0- my). (7.25) 


Zyi=1-—| . l (7.26) 


Our explicit calculation of X> allows us to compute the first corrections 
to m and Z2. Let us begin with m. To order a, the mass shift is 


ém=m— mo = o(p = m) ~ (p = mo). (7.27) 
Thus, using (7.19), 


1 
a gA? 
0 
The mass shift is ultraviolet divergent; the divergent term has the form 


3a A? 
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Is it a problem that m differs from mo by a divergent quantity? This question 
has two levels, those of concept and practice. 

On the conceptual level, we should fully expect the mass of the electron 
to be modified by its coupling to the electromagnetic field. In classical elec- 
trodynamics, the rest energy of any charge is increased by the energy of its 
electrostatic field, and this energy shift diverges in the case of a point charge: 


2 
z 1 e a fdr 
3,. Li py2 3 7 
je r zlE| = fa rile) = JE aA, (7.30) 


In fact, it is puzzling why the divergence in (7.29) is so weak, logarithmic in 
A rather than linear as in (7.30). To understand this feature, suppose that mo 
were set to 0. Then the two helicity components of the electron field Yz and 
wr would not be coupled by any term in the QED Hamiltonian. This would 
imply that perturbative corrections could never induce a coupling of yz and 
wr, Nor, in particular, an electron mass term. In other words, 6m must vanish 
when mp = 0. The mass shift must therefore be proportional to mo, and so, 
by dimensional analysis, it can depend only logarithmically on A. 

On a practical level, the infinite mass shift casts doubt on our perturbative 
calculations. For example, all of the theoretical results in Chapter 5 should 
technically involve mp rather than m. To compare theory to experiment we 
must eliminate mo in favor of m, using the relation mp = m+O(a). Since the 
“small” O(a) correction is infinite, the validity of this procedure is far from 
obvious. The validity of perturbation theory would be more plausible if we 
could compute Feynman diagrams using the propagator i/(# — m), which has 
the correct pole location, instead of i/(yv— mg). In Chapter 10 we will see how 
to rearrange the perturbation series in such a way that mo is systematically 
eliminated in favor of m and the zeroth-order propagator has its pole at the 
physical mass. In the remainder of this chapter, we will continue to simply 
replace mo by m in expressions for order-a corrections. 

Finally, let us examine the perturbative correction to Z2. From (7.26), we 
find that the order-a correction 6Z2 = (Z2 — 1) is 


dD» 
EZ, = “2 
2 dø 


pam 
1 2 | m? (7.31) 
a zA z(l-x)m 
= d l + 2(2 . 
2r / e| 708 (1—a)?m? + zp? (2-2) (l-a)?m? + xp? 
0 


This expression is also logarithmically ultraviolet divergent. We will discuss 
the observability of this divergent term at the end of Section 7.2. However, it 
is interesting to note, even before that discussion, that (7.31) is very similar 
in form to the value of the ad hoc subtraction that we made in our calculation 
of the electron vertex correction in Section 6.3. From Eq. (6.56), the value of 


ee 
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this subtraction was 


1 
ôF (0) = 5 fdcdydzdoryre- 1) 
T 
0 
zh? 1—42+27)m? 
x flog( 22 -J+ aom 
(1-z)?m2 + zp (1-2)?m? + zp 
a zh? (1-4z+27)m? 
= — | dz(1-z)]1 . (7. 
Qn 2( 2) [los Smt 7) eed (7.32) 


Using the integration by parts 


1 


fa (1—22) )log( (G M ) = fase z) 20am? = p? 
0 


2m? + zp? (1—z)2m? + zp? 
0 


it is not hard to show that 6F\(0) + Z2 = 0. This identity will play a crucial 
role in justifying the ad hoc subtraction of Section 6.3. 


7.2 The LSZ Reduction Formula 


In the last section we saw that the Fourier transform of the two-point corre- 
lation function, considered as an analytic function of p?, has a simple pole at 
the mass of the one-particle state: 


iZ 
Na -5 5 . 
pm? p? —m? + ie 


f dtz &P* (Q}To(2)6(0) |9) (7.33) 


(Here and throughout this section we use the symbol ~ to mean that the poles 
of both sides are identical; there are additional finite terms, given in this case 
by Eq. (7.9).) In this section we will generalize this result to higher correlation 
functions. We will derive a general relation between correlation functions and 
S-matrix elements first obtained by Lehmann, Symanzik, and Zimmermann 
and known as the LSZ reduction formula.t This result, combined with our 
Feynman rules for computing correlation functions, will justify Eq. (4.103), 
our master formula for S-matrix elements in terms of Feynman diagrams. For 
simplicity, we will carry out the whole analysis for the case of scalar fields. 


HH. Lehmann, K. Symanzik, and W. Zimmermann, Nuovo Cimento 1, 1425 (1955). 
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The strategy of the argument will be as follows. To calculate the S-matrix 
element for a 2-body — n-body scattering process, we begin with the corre- 
lation function of n + 2 Heisenberg fields. Fourier-transforming with respect 
to the coordinate of any one of these fields, we will find a pole of the form 
(7.33) in the Fourier-transform variable p*. We will argue that the one-particle 
states associated with these poles are in fact asymptotic states, that is, states 
given by the limit of well-separated wavepackets as they become concentrated 
around definite momenta. Taking the limit in which all n + 2 external parti- 
cles go on-shell, we can then interpret the coefficient of the multiple pole as 
an S-matrix element. 

To begin, let us Fourier-transform the (n + 2)-point correlation function 
with respect to one argument z. We must then analyze the integral 


[ee e? (QT { d(x) O(a) b(22) --} 1Q). 


We would like to identify poles in the variable p°. To do this, divide the 
integral over x° into three regions: 


o0 Ty T- 
/ dz? = f dz? + f dz? + / dz®, (7.34) 
Ty T — o0 


where T, is much greater than all the z? and T_ is much less than all the z9. 
Call these three intervals regions I, II, and III. Since region IT is bounded and 
the integrand depends on p? through the analytic function exp(¢p°z°), the 
contribution from this region will be analytic in p°. However, regions I and 
III, which are unbounded, may develop singularities in p°. 

Consider first region I. Here z° is the latest time, so #(x) stands first in 
the time ordering. Insert a complete set of intermediate states in the form of 
(7.2): 


= 
l= 3 


W ~ ) Aal. 
The integral over region I then becomes 


j aa? fee cans I; aca (2 d(2) Aa) ras) 


Aal T{o(21)0(22) +} 10). 


Using Eq. (7.4), 


(OJE) lAa) = (Q1 A0) A0) eo a 
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and including a factor e~*° to insure that the integral is well defined, this 
integral becomes 


yje s I) - TEN gi e —ex® (Q| (0 ) [Ao) (236) (p —q) 
Qal T{ oC (21) -+-} |Q) 


we —Ep+tie)T, 


-ERO Ey ra (2190) o) AlTA}. (7.36) 


The denominator is just that of Eq. (7.5): p? — mî. There is an analytic 
singularity in p°; as in Section 7.1, this singularity will be either a pole or 
a branch cut depending upon whether or not the rest energy My is isolated. 
The one-particle state corresponds to an isolated energy value p? = Ep = 


Vp? + mē, and at this point Eq. (7.36) has a pole: 
fh eP (Q| T{b(x)o(a1) ---} |Q) 
1 —_VZ (p| T{l21) +} 19). 


~ -3 3 
p?—>+Ep P? — mM + te 


(7.37) 


The factor vZ is the same field strength renormalization factor as in Eq. (7.8), 
since it replaces the same matrix element as in (7.7). 

To evaluate the contribution from region III, we would put (x x) last i j the 
operator ordering, then insert a complete set of states between T{o( (21) vo} 
and ¢(x). Repeating the above argument produces a pole as pP — -Ep: 


f d'z e?e (Q|T{a(a)(z1)---} A) 


PL E, (Q| T{o( (21) vl |—p 


i (7.38) 


=m? +ie 

Next we would like to Fourier-transform with respect to the remaining 
field coordinates. To keep the various external particles from interfering, how- 
ever, we must isolate them from each other in space. Let us therefore repeat 
the preceding calculation using a wavepacket rather than a simple Fourier 
transform. In Eq. (7.35), replace 


o , Bk , , 
fhs tP 2’ o7 iPx a lm [es eip’ 2’ .—ik-x y(k), (7.39) 


where (k) is a narrow distribution centered on k = p. This distribution con- 
strains x to lie within a band, whose spatial extent is that of the wavepacket, 
about the trajectory of a particle with momentum p. With this modification, 
the right-hand side of (7.36) has a more complicated singularity structure: 


i 4 


7.2 The LSZ Reduction Formula 225 


dk i 
p+ Ep Je elk) —me+ eZ (kIT ola) ---} 12), (7.40) 


where, in the second line, p = (po, k). The one-particle singularity is now a 
branch cut, whose length is the width in momentum space of the wavepacket 
(k). However, if y(k) defines the momentum narrowly, this branch cut 
is very short, and (7.40) has a well-defined limit in which p(k) tends to 
(2m)36@)(k — p) and the singularity of (7.40) sharpens up to the pole of 
(7.36). The singularity due to single-particle states in the far past, Eq. (7.38), 
is modified in the same way. 

Now consider integrating each of the coordinates in the (n + 2)-point 
correlation function against a wavepacket, to form* 


Se i 5 ftne PEE (ki )) (Q| Tf b(ar)G(x2) ++} |Q). (7.41) 


The wavepackets should be chosen to overlap in a region around g = 0 and to 
separate in the far past and the far future. To analyze this integral, we choose 
a large positive time T, such that all of the wavepackets are well separated 
for z? > T}, and we choose a large negative time T_ such that all of the 
wavepackets are well separated for 2? < T_. Then we can break up each of 
of the integrals over x? into three regions as in (7.34). The integral of any x? 
over the bounded region II leads to an expression analytic in the corresponding 
energy ph, so we can concentrate on the case in which all of the z} are placed 
at large past or future times. 

For definiteness, consider the contribution in which only two of the time 
coordinates, x? and zł, are in the future. In this case, the fields ¢(#1) and 
@(x2) stand to the left of the other fields in time order. Inserting a complete 
set of states |Ax), the integrations in (7.41) over the coordinates of these two 


fields take the form 
dk; idi- Xi 
(27)? J dineh ‘alk 


CK 1 
XJ 2r)? 2EK (T 2 
x (Q| P{o(x1) (x2) } Ar) Axl T{O(a3) ---} |Q). 


The state |Ax) is annihilated by two field operators constrained to lie in 
distant wavepackets. It must therefore consist of two distinct excitations of 
the vacuum at two distinct locations. If these excitations are well separated, 


*As in Section 4.5, the product symbol applies symbolically to the integrations as 
well as to the other factors within the parentheses; the x; integrals apply to what lies 
outside the parentheses as well. 
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they should be independent of one another, so we can approximate 


3 
D J aye ag OTe} Ae) Axl 


3 3 
-5 di RIEL | P TE OA) a) (Q Aea) as) Da Asal: 


The sums over A; and A2 in the this equation run over all zero-momentum 
states, but only single-particle states will contribute the poles we are looking 
for. In this case, the integrals over x} and qı produce a sharp singularity in 
py of the form of (7.40), and the integrals over z$ and qz produce the same 
singular behavior in p8. The term in (7.41) with both singularities is 


(I Jane i vZ) (kike| T{ (xs) +++} I9). 


f p-m? +ie 


In the limit in which the wavepackets tend to delta functions concentrated at 
definite momenta pı and pg, this expression tends to 


(I ie VZ) oulPipalt (oles) =+} 19). 


2 _ m2 
iZi Pi mHE 


The state (pipe| is precisely an out state as defined in Section 4.5, since it 
is the definitemomentum limit of a state of particles constrained to well- 
separated wavepackets. Applying the same analysis to the times x? in the far 
past gives the result that the coefficient of the maximally singular term in 
the corresponding p? is a matrix element with an in state. This most singular 
term in (7.41) thus has the form 


a i 
ll =y I] — yZ —pe---).. 
CL pane Z)( pi2—m? +ie ) (PrP Pain 


i=3,... 


The last factor is just an S-matrix element. 

We have now shown that we can extract the value of an S-matrix ele- 
ment by folding the corresponding vacuum expectation value of fields with 
wavepackets, extracting the leading singularities in the energies p?, and then 
taking the limit as these wavepackets become delta functions of momenta. 
However, the computation would be made much simpler if we could do these 
operations in the reverse order— first letting the wavepackets become delta 
functions, returning us to the simple Fourier transform, and then extracting 
the singularities. In fact, the result for the leading singularity is not changed 
by this switch of the order of operations. It is, however, rather subtle to argue 
this point. Roughly, the explanation is the following: In the language of the 
analysis just completed, new singularities might arise because, in the Fourier 
transform, zı and x2 can become close together in the far future. However, 
in this region, the exponential factor is close to expļi(pı+p2) - zı], and thus 
the new singularities are single poles in the variable (p? + p$), rather than 
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being products of poles in the two separate energy variables. A more care- 
ful argument (unfortunately, couched in a rather different language) can be 
found in the original paper of Lehmann, Symanzik, and Zimmermann cited 
at the beginning of this section. 

Given the ability to make this reversal in the order of operations, we 
obtain a precise relation between Fourier transforms of correlation functions 
and S-matrix elements. This is the LSZ reduction formula: 


[I fnere T] fatu ee (T AE) Alenou +“ 6(Um)} 19 
1 1 
each po>+Ep, (I pe a) (iI k?— es) (pi-: -Prl S ky -e Km). 


each kj —=+Ek; (7.42) 
The quantity Z that appears in this equation is exactly the field-strength 
renormalization constant, defined in Section 7.1 as the residue of the single- 
particle pole in the two-point function of fields. Each distinct particle will 
have a distinct renormalization factor Z, obtained from its own two-point 
function. For higher-spin fields, each factor of VZ comes with a polarization 
factor such as u*(p), as in Eq. (7.12). The polarization s must be summed 
over in the second line of (7.42). 

In words, the LSZ formula says that an S-matrix element can be computed 
as follows. Compute the appropriate Fourier-transformed correlation function, 
look at the region of momentum space where the external particles are near 
the mass shell, and identify the coefficient of the multiparticle pole. For fields 
with spin, one must also multiply by a polarization spinor (like u*(p)) or 
vector (like e” (k)) to project out the desired spin state. 

Our next goal is to express this procedure in the language of Feynman 
diagrams. Let us analyze the relation between the diagrammatic expansion of 
the scalar field four-point function and the S-matrix element for 2-particle > 
2-particle scattering. We will consider explicitly the fully connected Feynman 
diagrams contributing to the correlator. By a similar analysis, it is easy to 
confirm that disconnected diagrams should be disregarded because they do 
not have the singularity structure, with a product of four poles, indicated on 
the right-hand side of (7.42). 

The exact four-point function 


(0 fraes) (11 [eve ®™) OIT een) IO) 


has the general form shown in Fig. 7.4. In this figure, we have indicated 
explicitly the diagrammatic corrections on each leg; the shaded circle in the 
center represents the sum of all amputated four-point diagrams. 

We can sum up the corrections to each external leg just as we did for the 
electron propagator in the previous section. Let —iM?(p*) denote the sum of 
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ky k2 


Figure 7.4. Structure of the exact four-point function in scalar field theory. 


all one-particle-irreducible (1PI) insertions into the scalar propagator: 


GMp = -D , % + O- + = r 


Then the exact propagator can be written as a geometric series and summed 
as in Eq. (7.23): 


7 ~ 
+ S1PI}— + HPI} IPI} + --- 
aes 


i i oy i 
— | Ja’ 
= 2 T72 z( iM*)—— 27 
0 Pe —™ pe = mg 


t 
PP — mb — M) 


(7.43) 


Notice that, as in the case of the electron propagator, our sign convention 
for the 1PI self-energy M?(p?) implies that a positive contribution to M 2 (p?) 
corresponds to a positive shift of the scalar particle mass. If we expand each 
resummed propagator about the physical particle pole, we see that each ex- 


ternal leg of the four-point amplitude contributes 
a iZ 
p- m3 M? pDr, p? — m2 | (Tesular). (7.44) 


Thus, the sum of diagrams contains a product of four poles: 
iZ iZ iZ iZ 
m? p? — m? k? — m? k2- m? 


p? 


This is exactly the singularity on the second line of (7.42). Comparing the 
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coefficients of this product of poles, we find the relation 


4 Pi P2 
(Pip2| S |kık2) = (VZ) Amp , 


kı kə 


where the shaded circle is the sum of amputated four-point diagrams and Z 
is the field-strength renormalization factor. 

An identical analysis can be applied to the Fourier transform of the (n + 
2)-point correlator in a general field theory. The relation between S-matrix 
elements and Feynman diagrams then takes the form 


(7.45) 


kı ke 


(If the external particles are of different species, each has its own renormal- 
ization factor vZ; if the particles have nonzero spin, there will be additional 
polarization factors such as u*(k) on the right-hand side.) This is almost. pre- 
cisely the diagrammatic formula for the S-matrix that we wrote down in 
Section 4.6. The only new feature is the appearance of the renormalization 
factors VZ. The Z factors are irrelevant for calculations at the leading order 
of perturbation theory, but are important in the calculation of higher-order 
corrections. 

Up to this point, we have performed only one full calculation of a higher- 
order correction, the computation of the order-@ corrections to the electron 
form factors. We did not take into account the effects of the electron field- 
strength renormalization. Let us now add in this factor and examine its effects. 

Since the expressions (6.28) and (6.30) for electron scattering from a heavy 
target were derived using our previous, incorrect formula for S-matrix ele- 
ments, we should correct these formulae by inserting factors of /Z2 for the 
initial and final electrons. Equation (6.33) for the structure of the exact vertex 
should then read 
io” ay 

2m 
with I“(p’,p) the sum of amputated electron-photon vertex diagrams. 

We can use this equation to reevaluate the form factors to order a. Since 
Z2 = 1 + O(a) and F> begins in order a, our previous computation of Fy is 
unaffected. To compute F3, write the left-hand side of (7.46) as 


Bol" = (1+ 6Z2)(yt + 8T") = y” + 6TH 4 9-6 Zo, 


ZT" (p',p) = "Fi (g?) + F(q’), (7.46) 


where Z> and óT” denote the order-a corrections to these quantities. Com- 
paring to the right-hand side of (7.46), we see that F(q?) receives a new 
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contribution equal to 6Z2. Now let 6F\(q”) denote the (unsubtracted) correc- 
tion to the form factor that we computed in Section 6.3, and recall from the 
end of Section 7.1 that 6Z_ = —6F,(0). Then 


Filg’) =1+6F\(q?) +6Z2 = 1 + [6Fi(q?) — 6F,(0)]. 


This is exactly the result we claimed, but did not prove, in Section 6.3. The 
inclusion of field-strength renormalization justifies the subtraction procedure 
that we applied on an ad hoc basis there. 

At this level of analysis, it is difficult to see how the cancellation of di- 
vergences in Fy will persist to higher orders. Worse, though we argued in 
Section 6.3 for the general result F\(0) = 1, our verification of this result in 
order a seems to depend on a numerical coincidence. 

We can state this problem carefully as follows: Define a second rescaling 
factor Zı by the relation 


T”(q = 0) = ZT’, (7.47) 
where [¥ is the complete amputated vertex function. To find Fi (0) = 1, 
we must prove the identity Zı = Z2, so that the vertex rescaling exactly 


compensates the electron field-strength renormalization. We will prove this 
identity to all orders in perturbation theory at the end Section 7.4. 

We conclude our discussion of the LSZ reduction formula with one fur- 
ther formal observation. The LSZ formula distinguishes in and out particles 
only by the sign of the Fourier transform momentum p? or k?. This means 
that, by analytically continuing the residue of the pole in p? from positive 
to negative p?, we can convert the S-matrix element with ¢(p) in the final 
state into the S-matrix element with the antiparticle ¢*(—p) in the initial 
state. This is exactly the statement of crossing symmetry, which we derived 
diagrammatically in Section 5.4: 


CADIS I Apa = CIS EE) e). 


Since the proof of the LSZ formula does not depend on perturbation theory, we 
see that the crossing symmetry of the S-matrix is a general result of quantum 
theory, not merely a property of Feynman diagrams. 


7.3 The Optical Theorem 


In Section 7.1 we saw that the two-point correlation function of quantum 
fields, viewed as an analytic function of the momentum p?, has branch cut 
singularities associated with multiparticle intermediate states. This conclusion 
should not be surprising to those familiar with nonrelativistic scattering the- 
ory, since it is already true there that the scattering amplitude, as a function 
of energy, has a branch cut on the positive real axis. The imaginary part of 
the scattering amplitude appears as a discontinuity across this branch cut. By 
the optical theorem, the imaginary part of the forward scattering amplitude is 
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k2 
2Im 


kı 


Figure 7.5. The optical theorem: The imaginary part of a forward scattering 
amplitude arises from a sum of contributions from all possible intermediate- 
state particles. 


proportional to the total cross section. We will now prove the field-theoretic 
version of the optical theorem and illustrate how it arises in Feynman diagram 
calculations. 

The optical theorem is a straightforward consequence of the unitarity of 
the S-matrix: SİS = 1. Inserting S = 1+ iT as in (4.72), we have 


—i(T —T') =T'T. (7.48) 


Let us take the matrix element of this equation between two-particle states 
|p1p2) and |k,k2). To evaluate the right-hand side, insert a complete set of 
intermediate states: 


n 3. 
(papal T'T kak) = DO (TI | 555 zp) Papal 7! Had) Cast] Tv). 
n i=l ? 


Now express the T-matrix elements as invariant matrix elements M times 
4-momentum-conserving delta functions. Identity (7.48) then becomes 


— i[M(kık2 > pipe) — M*(pip2 > kıkə2)] 
= (IT Eag) M rm aM a) 


x (27)*6 (ky +kə— Ð qi), 


times an overall delta function (2r)t8® (ky +hko—pr —p2). Let us abbreviate 
this identity as 


—i[M(a — b) — M*(b— a)| => fat; wo HMO f), (7.49) 
f 


where the sum runs over all possible sets f of final-state particles. Although 
we have so far assumed that a and b are two-particle states, they could equally 
well be one-particle or multiparticle asymptotic states. 

For the important special case of forward scattering, we can set pj = 
ki to obtain a simpler identity, shown pictorially in Fig. 7.5. Supplying the 
kinematic factors required by (4.79) to build a cross section, we obtain the 
standard form of the optical theorem, 


Im M(kı, ky — ky, k2) = 2 EemPemS tot (ky, ky > anything), (7.50) 
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where Eom is the total center-of-mass energy and Pem is the momentum of ei- 
ther particle in the center-of-mass frame. This equation relates the forward 
scattering amplitude to the total cross section for production of all final states. 
Since the imaginary part of the forward scattering amplitude gives the atten- 
uation of the forward-going wave as the beam passes through the target, it is 
natural that this quantity should be proportional to the probability of scat- 
tering. Identity (7.50) gives the precise connection. 


The Optical Theorem for Feynman Diagrams 


Let us now investigate how this identity for the imaginary part of an S- 
matrix element arises in the Feynman diagram expansion. It is easily checked 
(in QED, for example) that each diagram contributing to an S-matrix element 
M is purely real unless some denominators vanish, so that the ie prescription 
for treating the poles becomes relevant. A Feynman diagram thus yields an 
imaginary part for M only when the virtual particles in the diagram go on- 
shell. We will now show how to isolate and compute this imaginary part. 

For our present purposes, let us define M by the Feynman rules for per- 
turbation theory. This allows us to consider M(s) as an analytic function of 
the complex variable s = E2,,, even though S-matrix elements are defined 
only for external particles with real momenta. 

We first demonstrate that the appearance of an imaginary part of M(s) 
always requires a branch cut singularity. Let sọ be the threshold energy for 
production of the lightest multiparticle state. For real s below so the interme- 
diate state cannot go on-shell, so M(s) is real. Thus, for real s < sọ, we have 
the identity 


M(s) = [M(s*)]”. (7.51) 


Each side of this equation is an analytic function of s, so it can be analytically 
continued to the entire complex s plane. In particular, near the real axis for 
s > so, Eq. (7.51) implies 


Re M(s + te) = Re M(s — ie); 
Im M(s + ie) = — Im M(s — ie). 


There is a branch cut across the real axis, starting at the threshold energy so; 
the discontinuity across the cut is 


Disc M(s) = 2i Im M(s + ie). 


Usually it is easier to compute the discontinuity of a diagram than to compute 
the imaginary part directly. The de prescription in the Feynman propagator 
indicates that physical scattering amplitudes should be evaluated above the 
cut, at s+ te. 

We already saw in Section 7.1 that the electron self-energy diagram has 
a branch cut beginning at the physical electron-photon threshold. Let us now 
study more general one-loop diagrams, and show that their discontinuities 


7.3 The Optical Theorem 233 


give precisely the imaginary parts required by (7.49). The generalization of 
this result to multiloop diagrams has been proven by Cutkosky,' who showed 
in the process that the discontinuity of a Feynman diagram across its branch 
cut is always given by a simple set of cutting rules.* 

We begin by checking (7.49) in ¢* theory. Since the right-hand side of 
(7.49) begins in order A?, we expect that Im M should also receive its first 
contribution from higher-order diagrams. Consider, then, the order-A? dia- 
gram 


Eq E+q k= ki +k 


kı ka 


with a loop in the s-channel. (It is easy to check that the corresponding t- and 
u-channel diagrams have no branch cut singularities for s above threshold.) 
The total momentum is k = kı + ky, and for simplicity we have chosen the 
symmetrical routing of momenta shown above. The value of this Feynman 
diagram is 


; ” d*q 1 1 
16M = 2 J (2x)! (k/2 — q)? — m? + ie (k/2+ q)? — m2 + ie’ (7.52) 


When this integral is evaluated using the methods of Section 6.3, the Wick 
rotation produces an extra factor of 7, so that, below threshold, 6M is purely 
real, 

We would like to verify that the integral (7.52) has a discontinuity across 
the real axis in the physical region k? > 2m. It is easiest to identify this 
discontinuity by computing the integral for k? < 2m, then increasing k? by 
analytic continuation. It is not difficult. to compute the integral directly using 
Feynman parameters (see Problem 7.1). However, it is illuminating to use a 
less direct approach, as follows. 

Let us work in the center-of-mass frame, where k = (k°,0). Then the 
integrand of (7.52) has four poles in the integration variable g°, at the locations 


q? = 4k° + (Eq — i€), q? = —4k° + (Eq — ie). 


ÎR. E. Cutkosky, J. Math. Phys. 1, 429 (1960). 


tThese rules are simple only for singularities in the physical region. Away from 
the physical region, the singularities of three- and higher-point amplitudes can become 
quite intricate. This subject is reviewed in R. J. Eden, P. V. Landshoff, D. I. Olive, 
and J. C. Polkinghorne, The Analytic S-Matrix (Cambridge University Press, 1966). 
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Two of these poles lie above the real q? axis and two lie below, as shown: 


Lh Bg 3K Bg 
e e 


—pk°+Eq 3h! +Eg 


We will close the integration contour downward and pick up the residues of the 
poles in the lower half-plane. Of these, only the pole at q? = —(1/2)k° + Eg 
will contribute to the discontinuity. Note that picking up the residue of this 
pole is equivalent to replacing 


1 
(k/2 +q)? — m? + te 


> —2nid ((k/2 +0)? — m?) (7.53) 


under the dg? integral. 
The contribution of this pole yields the integral 


2 3 1 
iM = — 2i? TE l 


2 J (Qn)! 2Eq (K? — Eq)? — E2 
2a (7.54) 
T 
= — mi dE E . 
™ 2 (2r)4 fi a Fald oe pE) 
m 


The integrand in the second line has a pole at Eq = k? /2. When k? < 2m, 
this pole does not lie on the integration contour, so 6M is manifestly real. 
When k° > 2m, however, the pole lies just above or below the contour of 
integration, depending upon whether k? is given a small positive or negative 
imaginary part: , 


Thus the integral acquires a discontinuity between k? + ie and k? — ie. To 
compute this discontinuity, apply 


1 1 
=P inó(k? — 2E, 
2B, bie) RO —2B, FT a) 


(where P denotes the principal value). The discontinuity is given by replacing 
the pole with a delta function. This in turn is equivalent to replacing the 
original propagator by a delta function: 
1 
(k/2 — q)? — m? + ie 


> —2nid ((k/2 = q}? — m°’). (7.55) 
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i 2 


(a) 21m -= J dil 


(b) 2m C) - J dil 


Figure 7.6. Two contributions to the optical theorem for Bhabha scattering. 


Let us now retrace our steps and see what we have proved. Go back to 
the original integral (7.52), relabel the momenta on the two propagators as 
pı, p2 and substitute 


| ay -j -i [ROO pi tph) 


We have shown that the discontinuity of the integral is computed by replacing 
each of the two propagators by a delta function: 


1 
pi —m? + ie 


> —20id(p? — m’). (7.56) 


The discontinuity of M comes only from the region of the d*g integral in which 
the two delta functions are simultaneously satisfied. By integrating over the 
delta functions, we put the momenta p; on shell and convert the integrals 
d’p; into integrals over relativistic phase space. What is left over in expres- 
sion (7.52) is just the factor A”, the square of the leading-order scattering 
amplitude, and the symmetry factor (1/2), which can be reinterpreted as the 
symmetry factor for identical bosons in the final state. Thus we have shown 
that, to order à? on each side of the equation, 


Disc M(k) = 2iIm M(k) 


i fan 1 dp 1 
= 2J (2r) 2E; (27)8 2E2 


|M(k)| (21)t8® (pi + p2 — k). 


This explicitly verifies (7.49) to order \? in ¢* theory. 

The preceding argument made no essential use of the fact that the two 
propagators in the diagram had equal masses, or of the fact that these propa- 
gators connected to a simple point vertex. Indeed, the analysis can be applied 
to an arbitrary one-loop diagram. Whenever, in the region of momentum in- 
tegration of the diagram, two propagators can simultaneously go on-shell, we 
can follow the argument above to compute a nonzero discontinuity of M. 
The value of this discontinuity is given by making the substitution (7.56) for 
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each of the two propagators. For example, in the order-a? Bhabha scattering 
diagrams shown in Fig. 7.6, we can compute the imaginary parts by cutting 
through the diagrams as shown and putting the cut propagators on shell using 
(7.56). The poles of the additional propagators in the diagrams do not con- 
tribute to the discontinuities. By integrating over the delta functions as in the 
previous paragraph, we derive the indicated relations between the imaginary 
parts of these diagrams and contributions to the total cross section. 

Cutkosky proved that this method of computing discontinuities is com- 
pletely general. The physical discontinuity of any Feynman diagram is given 
by the following algorithm: 


1. Cut through the diagram in all possible ways such that the cut propaga- 
tors can simultaneously be put on shell. 

2. For each cut, replace 1/(p?—m?+ie) => —2ni6(p?—m?) in each cut prop- 
agator, then perform the loop integrals. 


3. Sum the contributions of all possible cuts. 


Using these cutting rules, it is possible to prove the optical theorem (7.49) to 
all orders in perturbation theory. 


Unstable Particles 


The cutting rules imply that the generalized optical theorem (7.49) is true 
not only for S-matrix elements, but for any amplitudes M that we can define 
in terms of Feynman diagrams. This fact is extremely useful for dealing with 
unstable particles, which never appear in asymptotic states. 

Recall from Eq. (7.43) that the exact two-point function for a scalar par- 


ticle has the form 
_ a 
p= må — M? (p?) 


We defined the quantity —iM?(p?) as the sum of all 1PI insertions into the 
boson propagator, but we can equally well think of it as the sum of all am- 
putated diagrams for l-particle — 1-particle “scattering”. The LSZ formula 
then implies 


M(p => p) = ~ZM*(p"). (7.57) 


We can use this relation and the generalized optical theorem (7.49) to discuss 
the imaginary part of M?(p?). 

First consider the familiar case where the scalar boson is stable. In this 
case, there is no possible final state that can contribute to the right-hand side 
of (7.49). Thus M?(p?°) is real. The position of the pole in the propagator is 
determined by the equation m? — mê — M?(m?) = 0, which has a real-valued 
solution m. The pole therefore lies on the real p? axis, below the multiparticle 
branch cut. 

Often, however, a particle can decay into two or more lighter particles. 
In this case M?(p*) will acquire an imaginary part, so we must modify our 
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definitions slightly. Let us define the particle’s mass m by the condition 
m? — m —ReM?(m?) = 0. (7.58) 


Then the pole in the propagator is displaced from the real axis: 


s iZ 
ED p? —m? — iZ Im M? (p?) 


If this propagator appears in the s channel of a Feynman diagram, the cross 
section one computes, in the vicinity of the pole, will have the form 
1 2 

s — m? — iZ Im M?(s) 
This expression closely resembles the relativistic Breit-Wigner formula (4.64) 
for the cross section in the region of a resonance: 

2 

1 

—— l. 7.60 
p? —m? + im ( ) 


ax (7.59) 


ox 


The mass m defined by (7.58) is the position of the resonance. If Im M? (m?) is 
small, so that the resonance in (7.59) is narrow, we can approximate Im M?(s) 
as Im M?(m?) over the width of the resonance; then (7.59) will have precisely 
the Breit-Wigner form. In this case, we can identify 


Z 
T =——ImM?(m?). (7.61) 
m 


If the resonance is broad, it will show deviations from the Breit-Wigner shape, 
generally becoming narrower on the leading edge and broader on the trailing 
edge. 

To compute Im M?, and hence T, we could use the definition of M? as the 
sum of 1PI insertions into the propagator. The imaginary parts of the relevant 
loop diagrams give the decay rate. But the optical theorem (7.49), generalized 
to Feynman diagrams by the Cutkosky rules, simplifies this procedure. If we 
take (7.57) as the definition of the matrix element M(p — p), and similarly 
define the decay matrix elements M(p — f) through their Feynman diagram 
expansions, then (7.49) implies 


1 
Z Im M?(p?) = -Im M(p = p) = -3 5 pau |IM(p = f)|?, (7.62) 
f 
where the sum runs over all possible final states f. The decay rate is therefore 
1 2 

P= a [aime ne, (7.63) 

as quoted in Eq. (4.86). 
We stress once again that our derivation of this equation applies only 


to the case of a long-lived unstable particle, so that T « m. For a broad 
resonance, the full energy dependence of M?(p*) must be taken into account. 


SC 
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7.4 The Ward-Takahashi Identity 


Of the loose ends listed at the beginning of this chapter, only one remains, the 
proof of the Ward identity. Recall from Section 5.5 that this identity states 
the following: If M(k) = e,,(k)M*(k) is the amplitude for some QED process 
involving an external photon with momentum k, then this amplitude vanishes 
if we replace e„ with k,,: 


k,M"(k) =0. (7.64) 


To prove this assertion, it is useful to prove a more general identity for QED 
correlation functions, called the Ward- Takahashi identity. To discuss this more 
general case we will let M denote a Fourier-transformed correlation function, 
in which the external momenta are not necessarily on-shell. The right-hand 
side of (7.64) will contain nonzero terms in this case; but when we apply the 
LSZ formula to extract an S-matrix element, those terms will not contribute. 

We will prove the Ward-Takahashi identity order by order in a, by looking 
directly at the Feynman diagrams that contribute to M(k). The identity is 
generally not true for individual Feynman diagrams; we must sum over the 
diagrams for M(k) at any given order. 

Consider a typical diagram for a typical amplitude M(k): 


If we remove the photon y(k), we obtain a simpler diagram which is part 
of a simpler amplitude Mg. If we reinsert the photon somewhere else inside 
the simpler diagram, we again obtain a contribution to M{k). The crucial 
observation is that by summing over all the diagrams that contribute to Mo, 
then summing over all possible points of insertion in each of these diagrams, 
we obtain M(k). The Ward-Takahashi identity is true individually for each 
diagram contributing to Mg, once we sum over insertion points; this is what 
we will prove. 

When we insert our photon into one of the diagrams of Mo, it must attach 
either to an electron line that runs out of the diagram to two external points, 
or to an internal electron loop. Let us consider each of these cases in turn. 

First suppose that the electron line runs between external points. Before 
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we insert our photon y(k), the line looks like this: 


p Pn-1 


The electron propagators have momenta p, py = p+ q1, p2 = Pi + q2, and so 
on up to p’ = pr_1 + dn. If there are n vertices, we can insert our photon in 
n + 1 different places. Suppose we insert it after the ith vertex: 


|k 


p'+k Digitk  pitk Pi p 


< < 


f qisi f qi ut fa 


The electron propagators to the left of the new photon then have their mo- 
menta increased by k. 

Let us now look at the values of these diagrams, with the polarization 
vector €,,(k) replaced by k,,. The product of k, with the new vertex is conve- 
niently written: 


—iekyy" = —te CZ + #—m) — (gj - m)]. 


Multiplying by the adjacent electron propagators, we obtain 


iim ( re) Jom p (an yn): (7.65) 


The diagram with the photon inserted at position 7 therefore has the structure 
\F 


fais 


=. (+) wa ( a i Ai 
o Piy th—m 7 pim yarn) 


a ri-1 
x — Y wae 
G) 


Similarly, the diagram with the photon inserted at position ¿ — 1 has the 
structure 


z 


Ean S A T 
i+ i - 


x ? i Aint... 
(Gon gon) 


Note that the first term of this expression cancels the second term of the 
previous expression. A similar cancellation occurs between any other pair of 
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diagrams with adjacent insertions. When we sum over all possible insertion 
points along the line, everything cancels except the unpaired terms at the 
ends. The unpaired term coming from insertion after the last vertex (on the 
far left) is just e times the value of the original diagram; the other unpaired 
term, from insertion before the first vertex, is identical except for a minus sign 
and the replacement of p by p + k everywhere. Diagrammatically, our result 


18 
q—k q 
p p+k 


where we have renamed p' + k — q for the sake of symmetry. 

In each diagram on the left-hand side of (7.66), the momentum entering 
the electron line is p and the momentum exiting is q. According to the LSZ 
formula, we can extract from each diagram a contribution to an S-matrix 
element by taking the coefficient of the product of poles 


(Em) (em) 


The terms on the right-hand side of (7.66) each contain one of these poles, 
but neither contains both poles. Thus the right-hand side of (7.66) contributes 
nothing to the S-matrix.* 

To complete the proof of the Ward-Takahashi identity, we must consider 
the case in which our photon attaches to an internal electron loop. Before the 
insertion of the photon, a typical loop looks like this: 


>, ku 


insertion 
points 


\2 


*This step of the argument is straightforward only if we have arranged the per- 
turbation series so that the propagator contains m rather than mo. We will do this in 
Chapter 10. 
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The electron propagators have momenta p1, pı + d2 = p2, and so on up to pp. 
Suppose now that we insert the photon y(k) between vertices 7 and i + 1: 


Digi tk 
Gi+1 


We now have an additional momentum k running around the loop from the 
new vertex; by convention, this momentum exits at vertex 1. 

To evaluate the sum over all such insertions into the loop, apply iden- 
tity (7.65) to each diagram. For the diagram in which the photon is inserted 
between vertices 1 and 2, we obtain 


dtp 4 An. a do 
[oa (gaen) Geen) 
i i N 
x (n ~ am) | 


The first term will be canceled by one of the terms from the diagram with 
the photon inserted between vertices 2 and 3. Similar cancellations take place 
between terms from other pairs of adjacent insertions. When we sum over all 
n insertion points we are left with 


fae (ga) ae) Gea) 


Gsm)” Gen) Gem)” 
p,+k-—m Pn- p,+k-m 

(7.67) 

Shifting the integration variable from pı to pı + k in the second term, we see 

that the two remaining terms cancel. Thus the diagrams in which the photon 
is inserted along a closed loop add up to zero. 

We are now ready to assemble the pieces of the proof. Suppose that the 

amplitude M has 2n external electron lines, n incoming and n outgoing. Label 
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the incoming momenta p; and the outgoing momenta q: 


M(ki pi- Pai Me In) = AD en 
k 


(The amplitude can also involve an arbitrary number of additional external 
photons.) The amplitude Mo lacks the photon y(k) but is otherwise identical. 
To form k, M” from Mo we must sum over all diagrams that contribute to 
Mo, and for each diagram, sum over all points at which the photon could be 
inserted. Summing over insertion points along an internal loop in any diagram 
gives zero. Summing over insertion points along a through-going line in any 
diagram gives a contribution of the form (7.66). Summing over all insertion 
points for any particular diagram, we obtain 


(qi---qn) 


SB fae RE] = 
insertion k 
Pn) 


(pi Pn) “(pitk)- ) 


where the shaded circle represents any patie aaam y that contributes 
to Mo. Summing over all such diagrams, we finally obtain 


k M” (k; pi Dai dn) = e X| Mo(pi paiga -e (qik) -) 
i (7.68) 
—Mo(pi-- = (pi+k) -q> Gn) 


This is the Ward-Takahashi identity for correlation functions in QED. We saw 
below (7.66) that the right-hand side does not contribute to the S-matrix; thus 
in the special case where M is an S-matrix element, Eq. (7.68) reduces to the 
Ward identity (7.64). 

Before discussing this identity further, we should mention a potential flaw 
in the above proof. In order to find the necessary cancellation in Eq. (7.67), 
we had to shift the integration variable by a constant. If the integral diverges, 
however, this shift is not permissible. Similarly, there may be divergent loop- 
momentum integrals in the expressions leading to Eq. (7.66). Here there is 
no explicit shift in the proof, but in practice one does generally perform a 
shift while evaluating the integrals. In either case, ultraviolet divergences can 
potentially invalidate the Ward-Takahashi identity. We will see an example of 
this problem, as well as a general solution to it, in the next section. 
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The simplest example of the Ward-Takahashi identity involves, on the left- 
hand side, the three-point function with one entering and one exiting electron 
and one external photon: 


4 p+k p p+k 
ehao lO- 
k Íp p p+k 


The quantities on the right-hand side are exact electron propagators, evalu- 
ated at p and (p + k) respectively. Label these quantities S(p) and S(p + k); 
from Eq. (7.23), 


i 
S(p) = ——— 5. 
(p) p—m — X(p) 
The full three-point amplitude on the left-hand side can be rewritten, just 
as in Eq. (7.44), as a product of full propagators for the entering and exiting 
electrons, times an amputated scattering diagram. In this case, the amputated 
function is just the vertex T”(p + k,p). Then the Ward-Takahashi identity 
reads: 


S(p +k) [-iek, I" (p + k, p)| S(p) = e(S(p) — S(p + k)). 


To simplify this equation, multiply, on the left and right respectively, by the 
Dirac matrices S~!(p +k) and S~!(p). This gives 


—ik T” (p + k, p) = S71 (p +k) — S7 (p). (7.69) 


Often the term Ward-Takahashi identity is used to mean only this special 
case. 

We can use identity (7.69) to obtain the general relation between the 
renormalization factors Zı and Z2. We defined Z1 in (7.47) by the relation 


T”(p+ k, p) > Zp yt as k— 0. 
We defined Z3 as the residue of the pole in S(p): 
iZo 
p-m 
Setting p near mass shell and expanding (7.69) about k = 0, we find for the 
first-order terms on the left and right 


~iZ K = -iZy"¥, 


that is, 
Ly = Zs. (7.70) 


Thus, the Ward-Takahashi identity guarantees the exact cancellation of infi- 
nite rescaling factors in the electron scattering amplitude that we found at 
the end of Section 7.2. When combined with the correct formal expression 
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(7.46) for the electron form factors, this identity guarantees that F,(0) = 
to all orders in perturbation theory. 

Often, in the literature, the terms Ward identity, current conservation, 
and gauge invariance are used interchangeably. This is quite natural, since 
the Ward identity is the diagrammatic expression of the conservation of the 
electric current, which is in turn a consequence of gauge invariance. In this 
book, however, we will distinguish these three concepts. By gauge invariance 
we mean the fundamental symmetry of the Lagrangian; by current conserva- 
tion we mean the equation of motion that follows from this symmetry; and 
by the Ward identity we mean the diagrammatic identity that imposes the 
symmetry on quantum mechanical amplitudes. 


7.5 Renormalization of the Electric Charge 


At the beginning of Chapter 6 we set out to study the order-a radiative 
corrections to electron scattering from a heavy target. We evaluated (at least 
in the classical limit) the bremsstrahlung diagrams, 


Hoe 


and also the corrections due to virtual photons: 


Hed 


Our discussion of field-strength renormalization in this chapter has finally 
clarified the role of the last two diagrams. In particular, we have seen that 
the Ward identity, through the relation Z, = Z2, insures that the sum of the 
virtual photon corrections vanishes as the momentum transfer q goes to zero. 
There is one remaining type of radiative correction to this process: 


Of 


This is the order-a vacuum polarization diagram, also known as the photon 
self-energy. It can be viewed as a modification to the photon structure by a 
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virtual electron-positron pair. This diagram will alter the effective field A” (x) 
seen by the scattered electron. It can potentially shift the overall strength of 
this field, and can also change its dependence on x (or in Fourier space, on 
q). In this section we will compute this diagram, and see that it has both of 
these effects. 


Overview of Charge Renormalization 


Before beginning a detailed calculation, let’s ask what kind of an answer we 
expect and what its interpretation will be. The interesting part of the diagram 
is the electron loop: 


k+q 
d*k 


= (—ie)? riy“ i x i 
“tT yet ofert Hom! B+ q—m 
k = ill” (q). (7.71) 


(The fermion loop factor of (—1) was derived in Eq. (4.120).) More generally, 
let us define iII”” (q) to be the sum of all 1-particle-irreducible insertions into 
the photon propagator, 


H v = ill (q), (7.72) 
q 


so that TI” (q) is the second-order (in e) contribution to II” (q). 

The only tensors that can appear in II#” (q) are g"” and gq”. The Ward 
identity, however, tells us that q,II”” (q) = 0. This implies that II*”’(q) is 
proportional to the projector (g”” — qq” /q°). Furthermore, we expect that 
TI”” (q) will not have a pole at q? = 0; the only obvious source of such a pole 
would be a single-massless-particle intermediate state, which cannot occur in 
any 1PI diagram.’ It is therefore convenient to extract the tensor structure 
from IIH” in the following way: 


TI” (q) = (a?gh” — gq” INQ"), (7.73) 


where II(q?) is regular at q? = 0. 
Using this notation, the exact photon two-point function is 


—19 ye —ig . Mov 
= FP + Ee ila?” _ vq" Ia?) fuse 


tOne can prove that there is no such pole, but the proof is nontrivial. Schwinger 
has shown that, in two spacetime dimensions, the singularity in Iz due to a pair of 
massless fermions is a pole rather than a cut; this is a famous counterexample to our 
argument. There is no such problem in four dimensions. 
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3 


igu ig ='9up 

= + ALG’) + EALA G?) ++ 
q q q 

where A£ = 6 — q?q,/q?. Noting that ASA’ = A’, we can simplify this 

expression to 


_ iIw , ~19 up ga 2 272) 4 
MAON p Te (8 Zz ) K) +P?) +++) 
=i Gude —i Gude 
PUE (ow s )+ a ( S J. (T74) 


In any S-matrix element calculation, at least one end of this exact prop- 
agator will connect to a fermion line. When we sum over all places along the 
line where it could connect, we must find, according to the Ward identity, 
that terms proportional to Q Or qy vanish. For the purposes of computing 
S-matrix elements, therefore, we can abbreviate 


_ —29 pv 
7 O’ -a ey (7.75) 


Notice that as long as II (q?) is regular at q? = 0, the exact propagator always 

has a pole at q? = 0. In other words, the photon remains absolutely massless 

at all orders in perturbation theory. This claim depends strongly on our use of 

the Ward identity in (7.73). If, for example, TI” (q) contained a term M2? ghy 

(with no compensating gg” term), the photon mass would be shifted to M. 
The residue of the q? = 0 pole is 


1 
1 —T1(0) 


= Z3. 


The amplitude for any low-q? scattering process will be shifted by this factor, 
relative to the tree-level approximation: 


P Ow Z3 guv 

an a p 

Since a factor of e lies at each end of the photon propagator, we can con- 
veniently account for this shift by making the replacement e > yZze. This 
replacement is called charge renormalization; it is in many ways analogous to 
the mass renormalization introduced in Section 7.1. Note in particular that 
the “physical” electron charge measured in experiments is /Z3e. We will 
therefore shift our notation and call this quantity simply e. From now on we 


or 
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will refer to the “bare” charge (the quantity that multiplies A pyy in the 
Lagrangian) as €9. We then have 


(physical charge) = e = y Z3 eo = y Z3 - (bare charge). (7.76) 


To lowest order, Z3 = 1 and e = eo. 

In addition to this constant shift in the strength of the electric charge, 
II(q?) has another effect. Consider a scattering process with nonzero g, and 
suppose that we have computed II(q?) to leading order in a: II(q?) © I2(q’). 
The amplitude for the process will then involve the quantity 


igu ( e? ) _ —19 pv ( e? ) 
@ \1-M(@?)/ o@ @ \1- [H(4?) — T2(0)] 
(Swapping e? for e2 does not matter to lowest order.) The quantity in paren- 
theses can be interpreted as a q?-dependent electric charge. The full effect of 


replacing the tree-level photon propagator with the exact photon propagator 
is therefore to replace 


_ e2 Jár a 
~ 1=TI(qg?) olo) 1 — [I2(q?) — T2(0)] 


ay > eg (q’) (7.77) 


(To leading order we could just as well bring the II-terms into the numerator; 
but we will see in Chapter 12 that in this form, the expression is true to all 
orders when I is replaced by II.) 


Computation of Iz 


Having worked so hard to interpret IT2(q”), we had better calculate it. Going 
back to (7.71), we have 


TTY ` dtk pi m v i m 
_ se f dtk k#(k+q)” +k”(k+0)” — gt” (k-(k+q) — m?) 
(27) (k2 — m?) ((k+q)? — m?) . 


(7.78) 


We have written e and m instead of eo and mo for convenience, since the 
difference would give only an order-a? contribution to TIM”. 
Now introduce a Feynman parameter to combine the denominator factors: 


1 

1 1 

(k? — m?) ((k+q)? — m?) [os (k? + 2ak-q + xq? —m?)? 
1 


= fo 1 7> 
J (22 + x(1—x)q? — m?) 
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where £ = k + xq. In terms of £, the numerator of (7.78) is 
Numerator = 2/2" — g” — 2a(1—2)g"q’ + gt” (m? + a(1—2)q’) 


+ (terms linear in £). 


Performing a Wick rotation and substituting £ = i£%, we obtain 


A 
alls” (q) = = —4ie? [ou [Se d te 


— Fgh" h + gt’ 02, — 2r(1— r)a” + gt” (m? + «(1—2)q”) 
x 3 
(+ A)? 
where A = m? — x(1—zx)q?. This integral is very badly ultraviolet divergent. 
If we were to cut it off at lg = A, we would find for the leading term, 


I$” (q) x PAg”, 


(7.79) 


with no compensating gq” term. This result violates the Ward identity; it 
would give the photon an infinite mass M « eA. 

Our proof of the Ward identity has failed, in precisely the way anticipated 
at the end of the previous section: The shift of the integration variable in (7.67) 
is not permissible when the integral is divergent. In our present calculation, 
the failure of the Ward identity is catastrophic: It leads to an infinite photon 
mass,! in conflict with experiment. Fortunately, there is a way to rescue the 
Ward identity. 

In the above analysis we regulated the divergent integral in the most 
straightforward and most naive way: by cutting it off at a large momentum A. 
But other regulators are possible, and some will in fact preserve the Ward iden- 
tity. In our computations of the vertex and electron self-energy diagrams, we 
used a Pauli-Villars regulator. This regulator preserved the relation Z; = Zo, 
a consequence of the Ward identity; a naive cutoff does not (see Problem 7.2). 
We could fix our present computation by introducing Pauli-Villars fermions. 
Unfortunately, several sets of fermions are required, making the method rather 
complicated.* We will use a simpler method, dimensional regularization, due 
to ’t Hooft and Veltman.' Dimensional regularization preserves the symme- 
tries of QED and also of a wide class of more general theories. 

The question of which regulator to use has no a priori answer in quantum 
field theory. Often the choice has no effect on the predictions of the theory. 


tWe could still make the observed photon mass zero by adding a compensating 
infinite photon mass term to the Lagrangian. More generally, we could add terms to 
the Lagrangian to make the Ward identity valid for any n-point correlation function. 
This procedure would give the same results as the one we are about to follow, but 
would be much more complicated. 


*This method is presented in Bjorken and Drell (1964), p. 154. 
İG. ’t Hooft and M. J. G. Veltman, Nucl. Phys. B44, 189 (1972). 
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When two regulators give different answers for observable quantities, it is gen- 
erally because some symmetry (such as the Ward identity) is being violated 
by one (or both) of them. In these cases we take the symmetry to be funda- 
mental and demand that it be preserved by the regulator. But the validity of 
this choice cannot be proven; we are adopting the symmetry as a new axiom. 


Dimensional Regularization 


The idea of dimensional regularization is very simple to state: Compute the 
Feynman diagram as an analytic function of the dimensionality of space- 
time, d. For sufficiently small d, any loop-momentum integral will converge 
and therefore the Ward identity can be proved. The final expression for any 
observable quantity should have a well-defined limit as d — 4. 

Let us do a practice calculation to see how this technique works. We 
consider spacetime to have one time dimension and (d — 1) space dimensions. 
Then we can Wick-rotate Feynman integrals as before, to give integrals over 
a d-dimensional Euclidean space. A typical example is 


d'le 1 dOa - pa-t 
ic (+ AP lo [ate iAP (7.80) 


The first factor in (7.80) contains the area of a unit sphere in d dimensions. 
To compute it, use the following trick: 


So the area of a d-dimensional unit sphere is 


Qnd/?2 


fas = TaD: (7.81) 


This formula reproduces the familiar special cases: 


d  T(d/2)  fdQa 


1 Jn 2 

2 1 2r 
3 y T/2 An 
4 1 Qn? 
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The second factor in (7.80) is 


T g1 1 F (e2)2-1 
J “TAP 3 | KONENE 
0 0 


where we have substituted « = A/(é? + A) in the second line. Using the 
definition of the beta function, 


[a x*—!(1-2)8"! = Bla, B) = Tere (7.82) 
0 


we can easily evaluate the integral over x. The final result for the d-dimensional 
integral is 


[ee 1 1 reg) (L)?3 
(27)? (+A) (4n)4/2 T(2) LA f 
Since T(z) has isolated poles at z = 0, —1, —2,..., this integral has 


isolated poles at d = 4, 6, 8,.... To find the behavior near d = 4, define 
€= 4 — d, and use the approximation! 


T(2— 2) =T(e/2) = z —~7+ Oe), (7.83) 


where y © .5772 is the Euler-Mascheroni constant. (This constant will always 
cancel in observable quantities.) The integral is then 


d 
J i Ca, a4 ae log A = y + log(4m) + O(e)). (7-84) 


When we defined this integral with a Pauli-Villars regulator in Eq. (7.18), we 


found 1 > 
d fg 1 1 aA —1 
l (43 +A)? Nooo (4r)? (log A + O(A )). 


Thus the 1/e pole in dimensional regularization corresponds to a logarith- 
mic divergence in the momentum integral. Note the curious fact that (7.84) 


tThis expansion follows immediately from the infinite product representation 


— = ze?” Il (2 + “Vem, 
n 


n=1 
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involves the logarithm of A, a dimensionful quantity. The scale of the loga- 
rithm is hidden in the 1/e term, and appears explicitly when the divergence 
is canceled. 

You can easily verify the more general integration formulae, 


JEE tie RAY era 


(27)i (+ A)" (4n)4/2 Tn) VA 
ly 6 1 dT(n—$-1) 1 yr-5-1 
J On)! (+A ~ a TO) (x) » (7.86) 


In d dimensions, g”” obeys g,,g"” = d. Thus, if the numerator of a symmetric 
integrand contains £“@", we should replace 


1 
che — 7 Pg”, (7.87) 


in analogy with Eq. (6.46). In QED, the Dirac matrices can be manipulated 
as a set of d matrices satisfying 


{7} 52, — tr[l] = 4. (7.88) 


In manipulating Eq. (7.78), these rules give the same result as the purely 
four-dimensional rules. However, in the evaluation of other diagrams, there 
are additional contributions of order e. In particular, the contraction identities 
(5.9) are modified in d = 4 — e to 


E Tu = (2 — 6)” 
Y P Yu = 4g? — eq’? (7.89) 
II Au = 20A + ey Py. 
These extra terms can contribute to the final value of the Feynman diagram 
if they multiply a factor e7! from a divergent integral. In QED at one-loop 
order, such extra terms appear in the vertex and self-energy diagrams but 
cancel when these diagrams are combined to compute an observable quantity. 


Computation of IIz, Continued 


Now let us apply these dimensional regularization formulae to the momentum 
integral in (7.79). The unpleasant terms with £? in the numerator give 


[oe Cit Dg ol 


1\l-$ y 
Ont (BA ~ Gal Dra-a(z) 9 


-aren car 


We would have expected a pole at d = 2, since the quadratic divergence in 4 
dimensions becomes a logarithmic divergence in 2 dimensions. But the pole 
cancels. The Ward identity is working. 


O 
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Evaluating the remaining terms in (7.79) and using A = m? — x(1—2)q?, 
we obtain 
1 


1 (2-4) 
. Vv — . 2 2 
0 
x [g9 (—m? + x(1—2x)q’) + gt” (m? + a(1—a)q?) — 2a(1—x)gq”| 


= (gg — gq’) - tlle(q°), 


where 


Ta(q’) = nya fa x(1—2) Aras (7.90) 
0 


2 
=> _20 dx x x)( log A- y4 log(4)) (e=4-d). 
T € 


With dimensional regularization, H$” (q) indeed takes the form required by 
the Ward identity. But it is still logarithmically divergent. 
We can now compute the order-a shift in the electric charge: 


The bare charge is infinitely larger than the observed charge. But this dif- 
ference is not observable. What can be observed is the g? dependence of the 
effective electric charge (7.77). This quantity depends on the difference 


1 


m2 


Tiag?) = Ta(4?) — Ia (0) = -= fo x(1-2) los (Scag) (7.91) 
0 


which is independent of € in the limit e — 0. For the rest of this section we 
will investigate what physics this expression contains. 
Interpretation of H2 


First consider the analytic structure of Tlo(q’). For q? < 0, as is the case when 
the photon propagator is in the ¢- or u-channel, Tl, (q?) is manifestly real and 
analytic. But for an s-channel process, q? will be positive. The logarithm 
function has a branch cut when its argument becomes negative, that is, when 


m? — r(1—z)g? < 0. 
The product x(1—z) is at most 1/4, so NACA has a branch cut beginning at 
g — Am? , 


at the threshold for creation of a real electron-positron pair. 
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Let us calculate the imaginary part of Thy for q? > 4m?. For any fixed q’, 
the x-values that contribute are between the points x = 1 + $ B, where 8 = 


1 —4m?/q?. Since Im[log(—X + ie)] = +7, we have 
3+38 
~ oo, ., 2a 
Im[IIp(q? + te)| = -— (+7) dx x(1—-2) 
T 


3738 
8/2 
=F2a | dy(G-y’) (y=2-35) 
-8/2 
a Am? Im? 
= 1 1 . 7.92 
t3 g? ( t g ) (7-92) 


This dependence on q? is exactly the same as in Eq. (5.13), the cross section for 
production of a fermion-antifermion pair. That is just what we would expect 
from the unitarity relation shown in Fig. 7.6(b); the cut through the diagram 
for forward Bhabha scattering gives the total cross section for ete” — f f. 
The parameter 8 is precisely the velocity of the fermions in the center-of-mass 
frame. 

Next let us examine how Tlo(q’) modifies the electromagnetic interaction, 
as determined by Eq. (7.77). In the nonrelativistic limit it makes sense to 
compute the potential V(r). For the interaction between unlike charges, we 
have, in analogy with Eq. (4.126), 


dq iq’ x —e? 
VO) = J Or apli- iCD] (7.93) 


Expanding [lz for |q2| « m?, we obtain 


a 4a? 
V(x) =--— - 
(x) r 15m? 
The correction term indicates that the electromagnetic force becomes much 
stronger at small distances. This effect can be measured in the hydrogen atom, 
where the energy levels are shifted by 
4a? Ac? 


AE = [ee [wed]? ( 2 6 (x)) = 5 |v(0)|". 


The wavefunction 7(x) is nonzero at the origin only for s-wave states. For the 
2S state, the shift is 


6°) (x), (7.94) 


A 2 3443 5 
Ap=-—2_. 2M LAT 4193 x 107-7 eV. 
15m? 8r 307 


This is a (small) part of the Lamb shift splitting listed in Table 6.1. 
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Figure 7.7. Contour for evaluating the effective strength of the electromag- 
netic interaction in the nonrelativistic limit. The pole at Q = ip gives the 
Coulomb potential. The branch cut gives the order-a correction due to vac- 
uum polarization. 


The delta function in Eq. (7.94) is only an approximation; to find the true 
range of the correction term, we write Eq. (7.93) in the form 
Q etr 
Q? +p? 


[1 + Ta(—Q”)] (Q = lql), 


where we have inserted a photon mass u to regulate the Coulomb potential. To 
perform this integral we push the contour upward (see Fig. 7.7). The leading 
contribution comes from the pole at Q = ip, giving the Coulomb potential, 
—a/r. But there is an additional contribution from the branch cut, which 
begins at Q = 2mi. The real part of the integrand is the same on both sides 
of the cut, so the only contribution to the integral comes from the imaginary 
part of lp. Defining q = —iQ, we find that the contribution from the cut is 
fos) 
6V(r) = — 2 fa © imf 2 _ ie)] 
"Qn? Tq PEMO 


2m 


fos) 
_ a2 WEEL 1 4m? p mt 
~ raj q 3 g gy 
2m 
When r > 1/m, this integral is dominated by the region where q œ% 2m. 
Approximating the integrand in this region and substituting t = q — 2m, we 


find 
a 2T e (tt+2m)r q Ft 73 
ôV (r) = r fa 2m 3 zG) rO) 


a a e72mr 


Aa (mrj? 


x 


2 


x 
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Figure 7.8. Virtual ete pairs are effectively dipoles of length ~ 1/m, 
which screen the bare charge of the electron. 


so that 


V(r) = =(1 ! I7 at) (7.95) 


Thus the range of the correction term is roughly the electron Compton wave- 
length, 1/m. Since hydrogen wavefunctions are nearly constant on this scale, 
the delta function in Eq. (7.94) was a good approximation. The radiative 
correction to V(r) is called the Uehling potential. 

We can interpret the correction as being due to screening. At r Z 1/m, 
virtual ete7~ pairs make the vacuum a dielectric medium in which the apparent 
charge is less than the true charge (see Fig. 7.8). At smaller distances we begin 
to penetrate the polarization cloud and see the bare charge. This phenomenon 
is known as vacuum polarization. 

Now consider the opposite limit: small distance or —g? >> m?. Equation 
(7.91) then becomes 


2 


. 2a fizan fog(=) + tog (e(1—) +0(%)| 


a(g) © p 
2 5 2 


= gn e(z) 3 tO] 


The effective coupling constant in this limit is therefore 


; a 
tes (Q”) = —q? , (7.96) 
1- = log(S) 
3r \ Am? 
where A = exp(5/3). The effective electric charge becomes much larger 


at small distances, as we penetrate the screening cloud of virtual electron- 
positron pairs. 
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Figure 7.9. Differential cross section for Bhabha scattering, ete — ete, 
at Ecm = 29 GeV, as measured by the HRS collaboration, M. Derrick, et. al., 
Phys. Rev. D34, 3286 (1986). The upper curve is the order-a* prediction 
derived in Problem 5.2, plus a very small (~2%) correction due to the weak 
interaction. The lower curve includes all QED radiative corrections to order 
a except the vacuum polarization contribution; note that these corrections 
depend on the experimental conditions, as explained in Chapter 6. The middle 
curve includes the vacuum polarization contribution as well, which increases 
the effective value of a? by about 10% at this energy. 


The combined vacuum polarization effect of the electron and of heavier 
quarks and leptons causes the value of ae(q”) to increase by about 5% from 
q = 0 to q = 30 GeV, and this effect is observed in high-energy experiments. 
Figure 7.9 shows the cross section for Bhabha scattering at Eem = 29GeV, 
and a comparison to QED with and without the vacuum polarization diagram. 

We can write aeg as a function of r by setting q = 1/r. The behavior of 
aes (r) for all r is sketched in Fig. 7.10. The idea of a distance-dependent (or 
“scale-dependent” or “running” ) coupling constant will be a major theme of 
the rest of this book. 
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Figure 7.10. A qualitative sketch of the effective electromagnetic coupling 
constant generated by the one-loop vacuum polarization diagram, as a func- 
tion of distance. The horizontal scale covers many orders of magnitude. 


Problems 


7.1 In Section 7.3 we used an indirect method to analyze the one-loop s-channel 
diagram for boson-boson scattering in ¢4 theory. To verify our indirect analysis, eval- 
uate all three one-loop diagrams, using the standard method of Feynman parameters. 
Check the validity of the optical theorem. 


7.2 Alternative regulators in QED. In Section 7.5, we saw that the Ward identity 
can be violated by an improperly chosen regulator. Let us check the validity of the 
identity Z1 = Z2, to order a, for several choices of the regulator. We have already 
verified that the relation holds for Pauli-Villars regularization. 

(a) Recompute óZ; and 6Zo, defining the integrals (6.49) and (6.50) by simply plac- 
ing an upper limit A on the integration over p. Show that, with this definition, 
621 # Z2. 

(b) Recompute ôZ; and Z2, defining the integrals (6.49) and (6.50) by dimensional 
regularization. You may take the Dirac matrices to be 4 x 4 as usual, but note 
that, in d dimensions, 

Juv Vy" =d. 
Show that, with this definition, Z1 = Zə. 


7.3 Consider a theory of elementary fermions that couple both to QED and to a 
Yukawa field ¢: 


1 , 7 
3, ahal. 3 
Hint = fe szot fa Te Ap pyty. 
(a) Verify that the contribution to Zı from the vertex diagram with a virtual $ 


equals the contribution to Z> from the diagram with a virtual @. Use dimensional 
regularization. Is the Ward identity generally true in this theory? 
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(b) Now consider the renormalization of the øy vertex. Show that the rescaling 
of this vertex at q? = 0 is not canceled by the correction to Z2. (It suffices to 
compute the ultraviolet-divergent parts of the diagrams.) In this theory, the ver- 
tex and field-strength rescaling give additional shifts of the observable coupling 
constant relative to its bare value. 


Final Project 


Radiation of Gluon Jets 


Although we have discussed QED radiative corrections at length in the last 
two chapters, so far we have made no attempt to compute a full radiatively 
corrected cross section. The reason is of course that such calculations are quite 
lengthy. Nevertheless it would be dishonest to pretend that one understands 
radiative corrections after computing only isolated effects as we have done. 
This “final project” is an attempt to remedy this situation. The project is the 
computation of one of the simplest, but most important, radiatively corrected 
cross sections. You should finish Chapter 6 before starting this project, but 
you need not have read Chapter 7. 


Strongly interacting particles—-pions, kaons, and protons—are produced 
in ete~ annihilation when the virtual photon creates a pair of quarks. If one 
ignores the effects of the strong interactions, it is easy to calculate the total 
cross section for quark pair production. In this final project, we will analyze 
the first corrections to this formula due to the strong interactions. 

Let us represent the strong interactions by the following simple model: 
Introduce a new massless vector particle, the gluon, which couples universally 
to quarks: 


AH = f Ba gh Vv Bu. 


Here f labels the type (“flavor”) of the quark (u, d, s, c, etc.) and i = 1,2,3 
labels the color. The strong coupling constant g is independent of flavor and 
color. The electromagnetic coupling of quarks depends on the flavor, since the 
u and c quarks have charge Q; = +2/3 while the d and s quarks have charge 
Q; = —1/3. By analogy to a, let us define 


g? 


ag = 7 
In this exercise, we will compute the radiative corrections to quark pair pro- 
duction proportional to ag. 

This model of the strong interactions of quarks does not quite agree with 
the currently accepted theory of the strong interactions, quantum chromody- 
namics (QCD). However, all of the results that we will derive here are also 
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correct in QCD with the replacement 
4 


Qg > zas. 
We will verify this claim in Chapter 17. 

Throughout this exercise, you may ignore the masses of quarks. You may 
also ignore the mass of the electron, and average over electron and positron 
polarizations. To control infrared divergences, it will be necessary to assume 
that the gluons have a small nonzero mass u, which can be taken to zero 
only at the end of the calculation. However (as we discussed in Problem 5.5), 
it is consistent to sum over polarization states of this massive boson by the 


replacement: 
5 ele 5 — gh”: 
this also implies that we may use the propagator 


a) igh” 
BY BY = ——_.. 
k? — u? 4 ie 
(a) Recall from Section 5.1 that, to lowest order in a and neglecting the 
effects of gluons, the total cross section for production of a pair of quarks 
of flavor f is 
4 Ara? 2 
e > qq) = 3s SQF 
Compute the diagram contributing to ete~ — ĝq involving one virtual 
gluon. Reduce this expression to an integral over Feynman parameters, 
and renormalize it by subtraction at q? = 0, following the prescription 
used in Eq. (6.55). Notice that the resulting expression can be considered 
as a correction to F} (gq?) for the quark. Argue that, for massless quarks, 
to all orders in ag, the total cross section for production of a quark pair 
unaccompanied by gluons is 


a(e 


4ra? 
+ 7 A = 
e7 — qq) 35 


2 

ale 3/Fi(? = s)|", 
with Fi (g? =0)= Qr. 

(b) Before we attempt to evaluate the Feynman parameter integrals in part 
(a), let us put this contribution aside and study the process ete™ — 
gqg, quark pair production with an additional gluon emitted. Before we 
compute the cross section, it will be useful to work out some kinematics. 
Let q be the total 4-momentum of the reaction, let kı and kg be the 4- 
momenta of the final quark and antiquark, and let k3 be the 4-momentum 
of the gluon. Define 


2 ’ i = 1, 2,3; 


(c) 
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this is the ratio of the center-of-mass energy of particle 7 to the maximum 
available energy. Then show (i) X z; = 2, (ii) all other Lorentz scalars 
involving only the final-state momenta can be computed in terms of the 
x, and the particle masses, and (iii) the complete integral over 3-body 
phase space can be written as 


[a= Il J om 


Find the region of integration for xı and zz if the quark and antiquark 
are massless but the gluon has mass pz. 


2 
on)*64) (q- Deki) = en dzz. 


l 
2E; 12873 


Draw the Feynman diagrams for the process e*e~ — ĝqg, to leading 
order in a and a,, and compute the differential cross section. You may 
throw away the information concerning the correlation between the initial 
beam axis and the directions of the final particles. This is conveniently 
done as follows: The usual trace tricks for evaluating the square of the 
matrix element give for this process a result of the structure 


1 
jan I2 mM}? = Dy | aly HY, 


where Lay represents the electron trace and H#” represents the quark 
trace. If we integrate over all parameters of the final state except xı and 
x9, which are scalars, the only preferred 4-vector characterizing the final 
state is q”. On the other hand, H „u satisfies 


q Hy = uvg” =0. 


Why is this true? (There is an argument based on general principles; 
however, you might find it a useful check on your calculation to verify 
this property explicitly.) Since, after integrating over final-state vectors, 
f H”” depends only on q” and scalars, it can only have the form 


bv 
[ma = (gi - a \ +H, 


where H is a scalar. With this information, show that 


vu 1 YV O 
Lu jue He = 3 (9" Luv) - fate (9° Hpo). 
Using this trick, derive the differential cross section 


do +o a aL Ana? 2 
derdag © © 409) = “Ge BF 


Qg x? +z? 
27 (1—21)(1—29) 


in the limit u — 0. If we assume that each original final-state particle is 
realized physically as a jet of strongly interacting particles, this formula 
gives the probability for observing three-jet events in e*e~ annihilation 
and the kinematic distribution of these events. The form of the distribu- 
tion in the z; is an absolute prediction, and it agrees with experiment. The 
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(d) 


(e) 


(f) 
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normalization of this distribution is a measure of the strong-interaction 
coupling constant. 


Now replace u Æ 0 in the formula of part (c) for the differential cross 
section, and carefully integrate over the region found in part (b). You 
may assume pu? < q?. In this limit, you will find infrared-divergent terms 
of order log(q?/p?) and also log*(q?/), finite terms of order 1, and 
terms explicitly suppressed by powers of (?/q7). You may drop terms 
of the last type throughout this calculation. For the moment, collect and 
evaluate only the infrared-divergent terms. 


Now analyze the Feynman parameter integral obtained in part (a), again 
working in the limit 4? < q’. Note that this integral has singularities in 
the region of integration. These should be controlled by evaluating the 
integral for q spacelike and then analytically continuing into the physical 
region. That is, write Q? = —q’, evaluate the integral for Q? > 0, and 
then carefully analytically continue the result to Q? = —q? —ie. Combine 
the result with the answer from part (d) to form the total cross section for 
ete” — strongly interacting particles, to order ag. Show that all infrared- 
divergent logarithms cancel out of this quantity, so that this total cross 
section is well-defined in the limit u — 0. 


Finally, collect the terms of order 1 from the integrations of parts (d) and 
(e) and combine them. To evaluate certain of these terms, you may find 
the following formula useful: 


1 
pu log(1-x) _ T? 
x 6 


0 


(It is not hard to prove this.) Show that the total cross section is given, 
to this order in a,, by 


oo _ Ana? 3a 
a(e"e — Gq or Gag) = ~y : 3Q5 - (1 + +2). 


This formula gives a second way of measuring the strong-interaction cou- 
pling constant. The experimental results agree (within the current exper- 
imental errors) with the results obtained by the method of part (c). We 
will discuss the measurement of a, more fully in Section 17.6. 


Part IT 


Renormalization 


Chapter 8 


Invitation: Ultraviolet Cutoffs 
and Critical Fluctuations 


The main purpose of Part II of this book is to develop a general theory of 
renormalization. This theory will explain the origin of ultraviolet divergences 
in field theory and will indicate when these divergences can be removed sys- 
tematically. It will also give a way to convert the divergences of Feynman 
diagrams from a problem into a tool. We will apply this tool to study the 
asymptotic large- or small-momentum behavior of field theory amplitudes. 

When we first encountered an ultraviolet divergence in the calculation of 
the one-loop vertex correction in Section 6.3, it seemed an aberration that 
ought to disappear before it caused us too much discomfort. In Chapter 7 we 
saw further examples of ultraviolet-divergent diagrams, enough to convince us 
that such divergences occur ubiquitously in Feynman diagram computations. 
Thus it is necessary for anyone studying field theory to develop a point of 
view toward these divergences. Most people begin with the belief that any 
theory that contains divergences must be nonsense. But this viewpoint is 
overly restrictive, since it excludes not only quantum field theory but even 
the classical electrodynamics of point particles. 

With some experience, one might adopt a more permissive attitude of 
peaceful coexistence with the divergences: One can accept a theory with di- 
vergences, as long as they do not appear in physical predictions. In Chapter 7 
we saw that all of the divergences that appear in the one-loop radiative cor- 
rections to electron scattering from a heavy target can be eliminated by con- 
sistently eliminating the bare values of the mass and charge of the electron in 
favor of their measured physical values. In Chapter 10, we will argue that all 
of the ultraviolet divergences of QED, in all orders of perturbation theory, can 
be eliminated in this way. Thus, as long as one is willing to consider the mass 
and charge of the electron as measured parameters, the predictions of QED 
perturbation theory will always be free of divergences. We will also show in 
Chapter 10 that QED belongs to a well-defined class of field theories in which 
all ultraviolet divergences are removed after a fixed small number of physical 
parameters are taken from experiment. These theories, called renormalizable 
quantum field theories, are the only ones in which perturbation theory gives 
well-defined predictions. 

Ideally, though, one should take the further step of trying to understand 
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physically why the divergences appear and why their effects are more se- 
vere in some theories than in others. This direct approach to the divergence 
problem was pioneered in the 1960s by Kenneth Wilson. The crucial insights 
needed to solve this problem emerged from a correspondence, discovered by 
Wilson and others, between quantum field theory and the statistical physics 
of magnets and fluids. Wilson’s approach to renormalization is the subject 
of Chapter 12. The present chapter gives a brief introduction to the issues 
in condensed matter physics that have provided insight into the problem of 
ultraviolet divergences. 


Formal and Physical Cutoffs 


Ultraviolet divergences signal that quantities calculated in a quantum field 
theory depend on some very large momentum scale, the ultraviolet cutoff. 
Equivalently, in position space, divergent quantities depend on some very 
small distance scale. 

The idea of a small-distance cutoff in the continuum description of a sys- 
tem occurs in classical field theories as well. Typically the cutoff is at the 
scale of atomic distances, where the continuum description no longer applies. 
However, the size of the cutoff manifests itself in certain parameters of the 
continuum theory. In fluid dynamics, for instance, parameters such as the 
viscosity and the speed of sound are of just the size one would expect by com- 
bining typical atomic radii and velocities. Similarly, in a magnet, the magnetic 
susceptibility can be estimated by assuming that the energy cost of flipping 
an electron spin is on the order of a tenth of an eV, as we would expect from 
atomic physics. Each of these systems possesses a natural ultraviolet cutoff 
at the scale of an atom; by understanding the physics at the atomic scale, we 
can compute the parameters that determine the physics on larger scales. 

In quantum field theory, however, we have no precise knowledge of the 
fundamental physics at very short distance scales. Thus, we can only measure 
parameters such as the physical charge and mass of the electron, not compute 
them from first principles. The presence of ultraviolet divergences in the rela- 
tions between these physical parameters and their bare values is a sign that 
these parameters are controlled by the unknown short-distance physics. 

Whether we know the fundamental physics at small distance scales or 
not, we need two kinds of information in order to write an effective theory for 
large-distance phenomena. First, we must know how many parameters from 
the small distance scale are relevant to large-distance physics. Second, and 
more importantly, we must know what degrees of freedom from the underlying 
theory appear at large distances. 

In fluid mechanics, it is something of a miracle, from the atomic point of 
view, that any large-distance degrees of freedom even exist. Nevertheless, the 
equations that express the transport of energy and mass over large distances 
do have smooth, coherent solutions. The large-distance degrees of freedom are 
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the flows that transport these conserved quantities, and sound waves of long 
wavelength. 

In quantum field theory, the large-distance physics involves only those 
particles that have masses that are very small compared to the fundamental 
cutoff scale. These particles and their dynamics are the quantum analogues of 
the large-scale flows in fluid mechanics. The simplest way to naturally arrange 
for such particles to appear is to make use of particles that naturally have zero 
mass. So far in this book, we have encountered two types of particles whose 
mass is precisely zero, the photon and the chiral fermion. (In Chapter 11 
we will meet one further naturally massless particle, the Goldstone boson.) 
We might argue that QED exists as a theory on scales much larger than 
its cutoff because the photon is naturally massless and because the left- and 
right-handed clectrons are very close to being chiral fermions. 

There is another way that particles of zero or almost zero mass can arise 
in quantum field theory: We can simply tune the parameters of a scalar field 
theory so that the scalar particles have masscs small compared to the cut- 
off. This method of introducing particles with small mass seems arbitrary 
and unnatural. Nevertheless, it has an analogue in statistical mechanics that 
is genuinely interesting in that discipline and can teach us some important 
lessons. 

Normally, in a condensed matter system, the thermal fluctuations are 
correlated only over atomic distances. Under special circumstances, however, 
they can have much longer range. The clearest example of this phenomenon 
occurs in a ferromagnet. At high temperature, the electron spins in a magnet 
are disorganized and fluctuating; but at low temperature, these spins align to 
a fixed direction.* Let us think about how this alignment builds up as the 
temperature of the magnet is lowered. As the magnet cools from high tem- 
perature, clusters of correlated spins become larger and larger. At a certain 
point- the temperature of magnetization-—the entire sample becomes a sin- 
gle large cluster with a well-defined macroscopic orientation. Just above this 
temperature, the magnet contains large clusters of spins with a common orien- 
tation, which in turn belong to still larger clusters, such that the orientations 
on the very largest scale are still randomized through the sample. This situ- 
ation is illustrated in Fig. 8.1. Similar behavior occurs in the vicinity of any 
other second-order phase transition, for example, the order-disorder transi- 
tion in binary alloys, the critical point in fluids, or the superfluid transition 
in Helium-4. 

The natural description of these very long wavelength fluctuations is in 
terms of a fluctuating continuum field. At the lowest intuitive level, we might 


*In a real ferromagnet, the long-range magnetic dipole-dipole interaction causes 
the state of uniform magnetization to break up into an array of magnetic domains. 
In this book, we will ignore this interaction and think of a magnetic spin as a pure 
orientation. It is this idealized system that is directly analogous to a quantum field 
theory. 
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Figure 8.1. Clusters of oriented spins near the critical point of a ferromag- 
net. 


substitute quantum for statistical fluctuations and try to describe this sys- 
tem as a quantum field theory. In Section 9.3 we will derive a somewhat more 
subtle relation that makes a precise connection between the statistical and 
the quantum systems. Through this connection, the behavior of any statis- 
tical system near a second-order phase transition can be translated into the 
behavior of a particular quantum field theory. This quantum field theory has 
a field with a mass that is very small compared to the basic atomic scale and 
that goes to zero precisely at the phase transition. 

But this connection seems to compound the problem of ultraviolet diver- 
gences in quantum field theory: If the wealth of phase transitions observed in 
Nature generates a similar wealth of quantum field theories, how can we pos- 
sibly define a quantum field theory without detailed reference to its origins in 
physics at the scale of its ultraviolet cutoff? Saying that a quantum field the- 
ory makes predictions independent of the cutoff would be equivalent to saying 
that the statistical fluctuations in the neighborhood of a critical point are in- 
dependent of whether the system is a magnet, a fluid, or an alloy. But is this 
statement so obviously incorrect? By reversing the logic, we would find that 
quantum field theory makes a remarkably powerful prediction for condensed 
matter systems, a prediction of universality for the statistical fluctuations 
near a critical point. In fact, this prediction is verified experimentally. 

A major theme of Part II of this book will be that these two ideas—cutoff 
independence in quantum field theory and universality in the theory of critical 
phenomena—are naturally the same idea, and that understanding either of 
these ideas gives insight into the other. 
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Landau Theory of Phase Transitions 


To obtain a first notion of what could be universal in the phenomena of phase 
transitions, let us examine the simplest continuum theory of second-order 
phase transitions, due to Landau. 

First we should review a little thermodynamics and clarify our nomen- 
clature. In thermodynamics, a first-order phase transition is a point across 
which some thermodynamic variable (the density of a fluid, or the magneti- 
zation of a ferromagnet) changes discontinuously. At a phase transition point, 
two quite distinct thermodynamic states (liquid and gas, or magnetization 
parallel and antiparallel to a given axis) are in equilibrium. The thermody- 
namic quantity that changes discontinuously across the transition, and that 
characterizes the difference of the two competing phases, is called the order 
parameter. In most circumstances, it is possible to change a second thermo- 
dynamic parameter in such a way that the two competing states move closer 
together in the thermodynamic space, so that at some value of this parameter, 
these two states become identical and the discontinuity in the order parame- 
ter disappears. This endpoint of the line of first-order transitions is called a 
second-order phase transition, or, more properly, a critical point. Viewed from 
the other direction, a critical point is a point at which a single thermodynamic 
state bifurcates into two macroscopically distinct states. It is this bifurcation 
that leads to the long-ranged thermal fluctuations discussed in the previous 
section. 

A concrete example of this behavior is exhibited by a ferromagnet. Let us 
assume for simplicity that the material we are discussing has a preferred axis 
of magnetization, so that at low temperature, the system will have its spins 
ordered either parallel or antiparallel to this axis. The total magnetization 
along this axis, M, is the order parameter. At low temperature, application 
of an external magnetic field H will favor one or the other of the two possible 
states. At H = 0, the two states will be in equilibrium; if H is changed from 
a small negative to a small positive value, the thermodynamic state and the 
value of M will change discontinuously. Thus, for any fixed (low) temperature, 
there is a first-order transition at H = 0. Now consider the effect of raising 
the temperature: The fluctuation of the spins increases and the value of |M| 
decreases. At some temperature Te the system ceases to be magnetized at 
H = 0. At this point, the first-order phase transition disappears and the 
two competing thermodynamic states coalesce. The system thus has a critical 
point at T = Te. The location of these various transitions in the H-T plane 
is shown in Fig. 8.2. 

Landau described this behavior by the use of the Gibbs free energy G; 
this is the thermodynamic potential that depends on M and T, such that 


OG 


He suggested that we concentrate our attention on the region of the critical 


270 Chapter 8 Invitation: Ultraviolet Cutoffs and Critical Fluctuations 


HA M>0 


first-order phase transition 


critical point 


4 T 
anaa o- - z 
To \ 
M=0 
M<0 


Figure 8.2. Phase diagram in the H-T plane for a uniaxial ferromagnet. 


point: T ~ Tc, M ~% 0. Then it is reasonable to expand G(M)}) as a Taylor 
series in M. For H = 0, we can write 


G(M) = A(T) + B(T)M? + C(T)M*+4.---. (8.2) 


Because the system has a symmetry under M — —M, G(M) can contain only 
even powers of M. Since M is small, we will ignore the higher terms in the 
expansion. Given Eq. (8.2), we can find the possible values of M at H = 0 by 
solving 


0= —— = 2B(T)M + 4C(T)M?. (8.3) 


If B and C are positive, the only solution is M = 0. However, if C > 0 but 
B is negative below some temperature Te, we have a nontrivial solution for 
T < Te, as shown in Fig. 8.3. More concretely, approximate for T = Te: 


B(T) = b(T — Te), C(T) =c. (8.4) 
Then the solution to Eq. (8.3) is 


0 for T > Te; 
M = 


+[(b/2e\(To - T)? for T < To. (8.5) 


This is just the qualitative behavior that we expect at a critical point. 

To find the value of M at nonzero external field, we could solve Eq. (8.1) 
with the left-hand side given by (8.2). An equivalent procedure is to minimize 
a new function, related to (8.2). Define 


G(M, H) = A(T) + B(T)M? + C(T)M4 — HM. (8.6) 


Then the minimum of G(M, H) with respect to M at fixed H gives the value 
of M that satisfies Eq. (8.1). The minimum is unique except when H = 0 and 
T < Te, where we find the double minimum in the second line of (8.5). This 
is consistent with the phase diagram shown in Fig. 8.2. 
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Figure 8.3. Behavior of the Gibbs free energy G(M) in Landau theory, at 
temperatures above and below the critical temperature. 


To study correlations in the vicinity of the phase transition, Landau gen- 
eralized this description further by considering the magnetization M to be the 
integral of a local spin density: 


M= fées (8.7) 


Then the Gibbs free energy (8.6) becomes the integral of a local function of 


s(x), 
G= Jepo +b(T — To)? + cst — Hs}, (8.8) 


which must be minimized with respect to the field configuration s(x). The 
first term is the simplest possible way to introduce the tendency of nearby 
spins to align with one another. We have rescaled s(x) so that the coefficient 
of this term is set to 1/2. In writing this free energy integral, we could even 
consider H to vary as a function of position. In fact, it is useful to do that; we 
can turn on H(x) near x = 0 and see what response we find at another point. 

The minimum of the free energy expression (8.8) with respect to s(x) is 
given by the solution to the variational equation 


0 = 6G[s(x)] = —V?s + 20(T — Te)s + 4cs® — H (x). (8.9) 


For T > Tc, where the macroscopic magnetization vanishes and so s(x) should 
be small, we can find the qualitative behavior by ignoring the s* term. Then 
s(x) obeys a linear equation, 


(=V? + 20(T — Tc))s(x) = H(x). (8.10) 


To study correlations of spins, we will set 


H (x) = Hod) (x). (8.11) 
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The resulting configuration s(x) is then the Green’s function of the differential 
operator in Eq. (8.10), so we call it D(x): 


(=V? + (T — Te)) D(x) = Hy 6) (x). (8.12) 


This Green’s function tells us the response at x when the spin at x = 0 is 
forced into alignment with H. In Sections 9.2 and 9.3 we will see that D(x) is 
also proportional to the zero-field spin-spin correlation function in the thermal 
ensemble, 

D(x) x (s(x)s(0)) = 5 s(x)s(0)e ET, (8.13) 


all s(x) 


where H is the Hamiltonian of the magnetic system. 
The solution to Eq. (8.12) can be found by Fourier transformation: 


dk Ho ek * 
p(x) = lo |k]? + 2T - Te) (8.14) 


This is just the integral we encountered in our discussion of the Yukawa po- 
tential, Eq. (4.126). Evaluating it in the same way, we find 


Hol _, 
D(x) = =e if (8.15) 


where 

€ = [26(T — To] 
is the correlation length, the range of correlated spin fluctuations. Notice that 
this length diverges as T — To. 

The main results of this analysis, Eqs. (8.5) and (8.16), involve unknown 
constants b, c that depend on physics at the atomic scale. On the other hand, 
the power-law dependence in these formulae on (T — Tc) follows simply from 
the structure of the Landau equations and is independent of any details of 
the microscopic physics. In fact, our derivation of this dependence did not 
even use the fact that G describes a ferromagnet; we assumed only that G 
can be expanded in powers of an order parameter and that G respects the 
reflection symmetry M -» —M. These assumptions apply equally well to 
many other types of systems: binary alloys, superfluids, and even (though the 
reflection symmetry is less obvious here) the liquid-gas transition. Landau 
theory predicts that, near the critical point, these systems show a universal 
behavior in the dependence of M, £, and other thermodynamic quantities on 
(T — To). 


(8.16) 


Critical Exponents 


The preceding treatment of the Landau theory of phase transitions emphasizes 
its similarity to classical field theory. We set up an appropriate free energy and 
found the thermodynamically preferred configuration by solving a classical 
variational equation. This gives only an approximation to the full statistical 
problem, analogous to the approximation of replacing quantum by classical 
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dynamics in field theory. In Chapter 13, we will use methods of quantum field 
theory to account properly for the fluctuations about the preferred Landau 
thermodynamic state. These modifications turn out to be profound, and rather 
counterintuitive. 

To describe the form of these modifications, let us write Eq. (8.15) more 


generally as 
(s()9(0)) = ASE f(/9), (8.17) 


where A is a constant and f(y) is a function that satisfies f(0) = 1 and 
f(y) — 0 as y — œ. Landau theory predicts that 7 = 0 and f(y) is a sim- 
ple exponential. This expression has a form strongly analogous to that of a 
Green’s function in quantum field theory. The constant A can be absorbed into 
the field-strength renormalization of the field s(x). The correlation length € is, 
in general, a complicated function of the atomic parameters, but in the contin- 
uum description we can simply trade these parameters for €. It is appropriate 
to consider £ as a cutoff-independent, physical parameter, since it controls the 
large-distance behavior of a physical correlation. In fact, the analogy between 
Eq. (8.15) and the Yukawa potential suggests that we should identify E-l with 
the physical mass in the associated quantum field theory. Then Eq. (8.17) gives 
a cutoff-independent, continuum representation of the statistical system. 

If we were working in quantum field theory, we would derive corrections 
to Eq. (8.17) as a perturbation series in the parameter c multiplying the 
nonlinear term in (8.9). This would generalize the Landau result to 


(s(x)s(0)) = L F(E, c). (8.18) 


The perturbative corrections would depend on the properties of the contin- 
uum field theory. For example, F(y,c) would depend on the number of com- 
ponents of the field s(x), and its series expansion would differ depending on 
whether the magnetization formed along a preferred axis, in a preferred plane, 
or isotropically. For order parameters with many components, the expansion 
would also depend on higher discrete symmetries of the problem. However, we 
expect that systems described by the same Landau free energy (for example, 
a single-axis ferromagnet and a liquid-gas system) should have the same per- 
turbation expansion when this expansion is written in terms of the physical 
mass and coupling. The complete universality of Landau theory then becomes 
a more limited concept, in which systems have the same large-distance cor- 
relations if their order parameters have the same symmetry. We might say 
that statistical systems divide into distinct universality classes, each with a 
characteristic large-scale behavior. 

If this were the true behavior of systems near second-order phase transi- 
tions, it would already be a wonderful confirmation of the ideas required to 
formulate cutoff-independent quantum field theories. However, the true be- 
havior of statistical systems is still another level more subtle. What one finds 
experimentally is a dependence of the form of Eq. (8.17), where the function 
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F(y) is the same within each universality class. There is no need for an auxil- 
lary parameter c. On the other hand, the exponent 7 takes a specific nonzero 
value in each universality class. Other power-law relations of Landau theory 
are also modified, in a specific manner for each universality class. For example, 
Eq. (8.5) is changed, for T < To, to 


M x (Te —T)’, (8.19) 


where the exponent (3 takes a fixed value for all systems in a given universality 
class. For three-dimensional single-axis magnets and for fluids, 8 = 0.313. The 
powers in these nontrivial scaling relations are called critical exponents. 

The modification from Eq. (8.18) to Eq. (8.17) does not imperil the idea 
that a condensed matter system, in the vicinity of a second-order phase tran- 
sition, has a well-defined, cutoff-independent, continuum behavior. However, 
we would like to understand why Eq. (8.17) should be expected as the cor- 
rect representation. The answer to this question will come from a thorough 
analysis of the ultraviolet divergences of the corresponding quantum field the- 
ory. In Chapter 12, when we finally conclude our explication of the ultraviolet 
divergences, we will find that we have in hand the tools not only to justify 
Eq. (8.17), but also to calculate the values of the critical exponents using 
Feynman diagrams. In this way, we will uncover a beautiful application of 
quantum field theory to the domain of atomic physics. The success of this ap- 
plication will guide us, in Part III, to even more powerful tools, which we will 
need in the relativistic domain of elementary particles. 


Chapter 9 


Functional Methods 


Feynman once said that* “every theoretical physicist who is any good knows 
six or seven different theoretical representations for exactly the same physics.” 
Following his advice, we introduce in this chapter an alternative method of de- 
riving the Feynman rules for an interacting quantum field theory: the method 
of functional integration. 

Aside from Feynman’s general principle, we have several specific reasons 
for introducing this formalism. It will provide us with a relatively easy deriva- 
tion of our expression for the photon propagator, completing the proof of the 
Feynman rules for QED given in Section 4.8. The functional method gener- 
alizes more readily to other interacting theories, such as scalar QED (Prob- 
lem 9.1), and especially the non-Abelian gauge theories (Part III). Since it 
uses the Lagrangian, rather than the Hamiltonian, as its fundamental quan- 
tity, the functional formalism explicitly preserves all symmetries of a theory. 
Finally, the functional approach reveals the close analogy between quantum 
field theory and statistical mechanics. Exploiting this analogy, we will turn 
Feynman's advice upside down and apply the same theoretical representation 
to two completely different areas of physics. 


9.1 Path Integrals in Quantum Mechanics 


We begin by applying the functional integral (or path integral) method to 
the simplest imaginable system: a nonrelativistic quantum-mechanical particle 
moving in one dimension. The Hamiltonian for this system is 


p? 
H = st V(x). 

Suppose that we wish to compute the amplitude for this particle to travel 
from one point (Xa) to another (z) in a given time (T). We will call this 
amplitude U (za, £b; T); it is the position representation of the Schrödinger 
time-evolution operator. In the canonical Hamiltonian formalism, U is given 
by 

U (£a, £pi T) = (ape FT!” ea). (9.1) 


*The Character of Physical Law (MIT Press, 1965), p. 168. 
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(For the next few pages we will display all factors of A explicitly.) 

In the path-integral formalism, U is given by a very different-looking 
expression. We will first try to motivate that expression, then prove that it is 
equivalent to (9.1). 

Recall that in quantum mechanics there is a superposition principle: When 
a process can take place in more than one way, its total amplitude is the 
coherent sum of the amplitudes for each way. A simple but nontrivial example 
is the famous double-slit experiment, shown in Fig. 9.1. The total amplitude 
for an electron to arrive at the detector is the sum of the amplitudes for 
the two paths shown. Since the paths differ in length, these two amplitudes 
generally differ, causing interference. 

For a general system, we might therefore write the total amplitude for 
traveling from x, to £p as 


U(wa,2oi;T) = $O ef (Phase) — f Da(t) et Phase) , (9.2) 


all paths 


To be democratic, we have written the amplitude for each particular path as 
a pure phase, so that no path is inherently more important than any other. 
The symbol f Dz(t) is simply another way of writing “sum over all paths”; 
since there is one path for every function x(t) that begins at za and ends at 
xp, the sum is actually an integral over this continuous space of functions. 

We can define this integral as part of a natural generalization of the 
calculus to spaces of functions. A function that maps functions to numbers is 
called a functional. The integrand in (9.2) is a functional, since it associates 
a complex amplitude with any function x(t). The argument of a functional 
F|2x(t)] is conventionally written in square brackets rather than parentheses. 
Just as an ordinary function y(x) can be integrated over a set of points x, a 
functional F'[z(t)] can be integrated over a set of functions x(t); the measure 
of such a functional integral is conventionally written with a script capital D, 
as in (9.2). A functional can also be differentiated with respect to its argument 
(a function), and this functional derivative is denoted by 6F/éx(t). We will 
develop more precise definitions of this new integral and derivative in the 
course of this section and the next. 

What should we use for the “phase” in Eq. (9.2)? In the classical limit, 
we should find that only one path, the classical path, contributes to the to- 
tal amplitude. We might therefore hope to evaluate the integral in (9.2) by 
the method of stationary phase, identifying the classical path zalt) by the 
stationary condition, 


=0. 


Tel 


a (phase{s(t)]) 


But the classical path is the one that satisfies the principle of least action, 


mw (siete) 


= 0, 


Tel 
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detector 


monochromatic 
electron 
source 


Path 2 aN 


Figure 9.1. The double-slit experiment. Path 2 is longer than path 1 by an 
amount d, and therefore has a phase that is larger by 27d/A, where \ = 2ah/p 
is the particle’s de Broglie wavelength. Constructive interference occurs when 
d=0, A, ..., while destructive interference occurs when d = 4/2, 3A/2,.... 


where S = f Ldt is the classical action. It is tempting, therefore, to identify 
the phase with S$, up to a constant. Since the stationary-phase approximation 
should be valid in the classical limit—that is, when S >> h—we will use S/A 
for the phase. Our final formula for the propagation amplitude is thus 


(xy) eT fxg) = Ulea miT) = Daf SOA, (9.3) 


We can easily verify that this formula gives the correct interference pattern 
in the double-slit experiment. The action for either path shown in Fig. 9.1 is 
just (1/2)mv?t, the kinetic energy times the time. For path 1 the velocity is 
vı = D/t, so the phase is mD?/2ht. For path 2 we have vg = (D+d)/t, so the 
phase is m(D+d)? /2ht. We must assume that d < D, so that vı % ve (ie, 
the electrons have a well-defined velocity). The excess phase for path 2 is then 
mDd/ht ~ pd/h, where p is the momentum. This is exactly what we would 
expect from the de Broglie relation p = h/A, so we must be doing something 
right. 

To evaluate the functional integral more generally, we must define the 
symbol f Dx(t) in the case where the number of paths x(t) is more than two 
(and, in fact, continuously infinite). We will use a brute-force definition, by 
discretization. Break up the time interval from 0 to T into many small pieces 
of duration €, as shown in Fig. 9.2. Approximate a path x(t) as a sequence of 
straight lines, one in each time slice. The action for this discretized path is 


g= [a (Fr _ V(2)) 5 3 Cecen” v(=)], 
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TN—1 Tp 
t=T } 
S ——> T 
t=e 
t=0 | | 
La Ti T2 


Figure 9.2. We define the path integral by dividing the time interval into 
small slices of duration €, then integrating over the coordinate x, of each 
slice. 


We then define the path integral by 


; o il dx, dzo Da dx n— Loa P dz, 
[P= a | oo | ee” cia ollie aor OA 


where C(e) is a constant, to be determined later. (We have included one factor 
of C (€) for each of the N time slices, for reasons that will be clear below.) At 
the end of the calculation we take the limit € -> 0. (As in Sections 4.5 and 6.2, 
the [] symbol is an instruction to write what follows once for each k.) 

Using (9.4) as the definition of the right-hand side of (9.3), we will now 
demonstrate the validity of (9.3) for a general one-particle potential problem. 
To do this, we will show that the left- and right-hand sides of (9.3) are obtained 
by integrating the same differential equation, with the same initial condition. 
In the process, we will determine the constant C(e). 

To derive the differential equation satisfied by (9.4), consider the addition 
of the very last time slice in Fig. 9.2. According to (9.3) and the definition 
(9.4), we should have 


OC 
dx! imey—a!)2 i o pep te! 
wT ox È m(x =z’) i (> z 


U (za, £o; T) = ; Cle) p h 2e h 


— OO 


) U (za, 2 T—8). 


The integral over x’ is just the contribution to f Dz from the last time slice, 
while the exponential factor is the contribution to e’9/" from that slice. All 
contributions from previous slices are contained in U(x,,2';T—e). 

As we send € — 0, the rapid oscillation of the first term in the exponen- 
tial constrains x’ to be very close to x». We can therefore expand the above 
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expression in powers of (x'—z,): 


U(xq,2;T) = F de! exp(+ 5 (rp 2?) £ — IET Ce) +e | 


C h2 h 
1 2 2 
x [! + (a To) T | 3 Lp) Oa? + [U (eases T—6) 


(9.5) 
We can now perform the x’ integral by treating the exponential factor as a 
Gaussian. (Properly, we should introduce a small real term in the exponent for 
convergence; we will ignore this term until the next section, when we derive 
Feynman rules using functional methods.) Recall the Gaussian integration 
formulae 


fe = B fiet =0, [ee eË > F 


Applying these identities to (9.5), we find 


1 /2rħe ie ieħ O° 2 
U (£a, £b, T) = (Z rte) £ p V (5) F Sm Oa? + Ole )]U læa, 2o, T-0)- 


This expression makes no sense in the limit e — 0 unless the factor in paren- 
theses is equal to 1. We can therefore identify the correct definition of C: 


Cle) = (2, (9.6) 


Given this definition, we can compare terms of order € and multiply by iñ to 


obtain 2 a2 
8 à O 
tha (£a xe; T) = mn Oa +V) |Vai T) (9.7) 
= HU (za, £p, T). 


This is the Schrödinger equation. But it is easy to show that the time-evolution 
operator U, as originally defined in (9.1), satisfies the same equation. 

As T — 0, the left-hand side of (9.3) tends to (£a — x»). Compare this 
to the value of (9.4) in the case of one time slice: 


1 ox [£m = a) 
Cl) Plh de 


This is just the peaked exponential of (9.5), and it also tends to (£a ~ 2») as 
€ — 0. Thus the left- and right-hand sides of (9.3) satisfy the same differential 
equation with the same initial condition. We conclude that the Hamiltonian 
definition of the time evolution operator (9.1) and the path-integral definition 
(9.3) are equivalent, at least for the case of this simple one-dimensional system. 

To conclude this section, let us generalize our path-integral formula to 
more complicated quantum systems. Consider a very general quantum system, 


im oe). 
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described by an arbitrary set of coordinates g’, conjugate momenta p*, and 
Hamiltonian H (q, p). We will give a direct proof of the path-integral formula 
for transition amplitudes in this system. 

The transition amplitude that we would like to compute is 


U (qas; T) = (qole 7T |qa) . (9.8) 


(When q or p appears without a superscript, it will denote the set of all 
coordinates {q'} or momenta {p*}. Also, for convenience, we now set fi = 1.) 
To write this amplitude as a functional integral, we first break the time interval 
into N short slices of duration e. Thus we can write 


eit = e tHe e tie e ite an e tHe (N factors). 


The trick is to insert a complete set of intermediate states between each of 


these factors, in the form 
ll psw ldr) (qx. 


Inserting such factors for k = 1.. — 1), we are left with a product of 
factors of the form 


(arale S lar) —> (aril (1 — iHe +---) lar). (9.9) 


To express the first and last factors in this form, we define gg = qa and 
Qn = Q. 

Now we must look inside H and consider what kinds of terms it might 
contain. The simplest kind of term to evaluate would be a function only of the 
coordinates, not of the momenta. The matrix element of such a term would 
be 


(git! F(a) lar) = Fla) TL O(a — ahs): 


It will be convenient to rewrite this as 


(ax+1] F(a) lan) = (oo) mS) expli iL prlde a)l 


for reasons that will soon be apparent. 
Next consider a term in the Hamiltonian that is purely a function of the 
momenta. We introduce a complete set of momentum eigenstates to obtain 


(qr+1] F(p) lax) = mS) f(Pk) exp ace - ai). 


t 


Thus if H contains only terms of the form f(q) and f(p), its matrix element 
can be written 


laal Hap) la) = (T1 f LE) (2E nn) exo [iD phla =i]: 
(9.10) 
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It would be nice if Eq. (9.10) were true even when H contains products of 
p’s and q’s. In general this formula must be false, since the order of a product 
pq matters on the left-hand side (where H is an operator) but not on the 
right-hand side (where H is just a function of the numbers pp and qx). But 
for one specific ordering, we can preserve (9.10). For example, the combination 


Gk+1 td 
2 
works out as desired, since the q’s appear symmetrically on the left and right 
in just the right way. When this happens, the Hamiltonian is said to be Weyl 
ordered. Any Hamiltonian can be put into Weyl order by commuting p’s and 
q’s; in general this procedure will introduce some extra terms, and those extra 

terms must appear on the right-hand side of (9.10). 
Assuming from now on that H is Weyl ordered, our typical matrix element 
from (9.9) can be expressed as 


(aeai e’ qn) = (1 / #4) e9| ier (M24. p) 


t 


2 
(deil 4 (0? p + 2qp74 + P74’) lar) = ( ) (arl P? ldr) 


x exp DON - ai). 
(We have again used the fact that e is small, writing 1 — ieH as e 4) To 


obtain U(g¢a,q;T), we multiply N such factors, one for each k, and integrate 
over the intermediate coordinates qk: 


T) = i k 
U (qo, qN; ) (m faf In ) 


. isi ; dk+1+4k 
x apli Svila) = (EEn). 


There is one momentum integral for each k from 1 to N, and one coordinate 
integral for each k from 1 to N —1. This expression is therefore the discretized 
form of 


VaT) = (TL f Paty 0) li f u(i- H )], (0.22) 


where the functions q(t) are constrained at the endpoints, but the functions 
p(t) are not. Note that the integration measure Dq contains no peculiar con- 
stants, as it did in (9.4). The functional measure in (9.12) is just the product 
of the standard integral over phase space 


dg? dp' 
II / 27h 


at each point in time. Equation (9.12) is the most general formula for com- 
puting transition amplitudes via functional integrals. 


282 Chapter 9 Functional Methods 


For a nonrelativistic particle, the Hamiltonian is simply H = p?/2m + 
V(q). In this case we can evaluate the p-integrals by completing the square in 
the exponent: 


JZ exp [i (pa ( 4-1-4) — ep} /2m)| = cE SXP (ev BH 


where C (e) is just the factor (9.6). Notice that we have one such factor for each 
time slice. Thus we recover expression (9.3), in discretized form, including the 
proper factors of C: 


U(da,40;T) = (a [Gs ) piss (Fawr v(Er*))). 


(9.13) 


9.2 Functional Quantization of Scalar Fields 


In this section we will apply the functional integral formalisin to the quantum 
theory of a real scalar field ọ(x). Our goal is to derive the Feynman rules for 
such a theory directly from functional integral expressions. 

The general functional integral formula (9.12) derived in the last section 
holds for any quantum system, so it should hold for a quantum field theory. 
In the case of a real scalar field, the coordinates q’ are the field amplitudes 
(x), and the Hamiltonian is 


H= [as [5m + (Ve + V(@)]. 


Thus our formula becomes 


(eu Jala) = [ DoDm exp] J d'arò- $r? -4v6 -V0 


where the functions ¢(2) over which we integrate are constrained to the spe- 
cific configurations ¢,(x) at x° = 0 and ¢o(x) at 2° = T. Since the exponent 
is quadratic in 7, we can complete the square and evaluate the Dr integral 
to obtain 


(olx) e FT |balx = [D6 exp i Jets e|, (9.14) 
0 


where 
= 5( Due)” — V(o) 


is the Lagrangian density. The integration measure Dé in (9.14) again involves 
an awkward constant, which we will not write explicitly. 

The time integral in the exponent of (9.14) goes from 0 to T, as de- 
termined by our choice of what transition function to compute; in all other 


; 
i 
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respects this formula is manifestly Lorentz invariant. Any other symmetries 
that the Lagrangian may have are also explicitly preserved by the functional 
integral. As we proceed in our study of quantum field theory, symmetries and 
their associated conservation laws will play an increasingly central role. We 
therefore propose to take a rash step: Abandon the Hamiltonian formalism, 
and take Eq. (9.14) to define the Hamiltonian dynamics. Any such formula 
corresponds to some Hamiltonian; to find it, one can always differentiate with 
respect to T and derive the Schrödinger equation as in the previous section. 
We thus consider the Lagrangian £ to be the most fundamental specification 
of a quantum field theory. We will see next that one can use the functional 
integral to compute from £ directly, without invoking the Hamiltonian at all. 


Correlation Functions 


To make direct use of the functional integral, we need a functional formula 
for computing correlation functions. To find such an expression, consider the 
object 


| J Dolz) $(01)6(e2) exp j d'z £l), (9.15) 


where the boundary conditions on the path integral are ¢(—T, x) = ġa (x) and 
#(T,x) = (x) for some a, do. We would like to relate this quantity to the 
two-point correlation function, (Q (x1 )Oy (x2) |Q). (To distinguish oper- 
ators from ordinary numbers, we write the Heisenberg picture operator with 
an explicit subscript: 6, (a). Similarly, we will write 6; (x) for the Schrödinger 
picture operator.) 

First we break up the functional integral in (9.15) as follows: 


[ rote) = f 2a [rnc [Dove (9.16) 


(2? x) =G1 (x) 
o(ag.x)=¢2(x) 


The main functional integral f D(x) is now constrained at times x] 9 and z$ (in 
addition to the endpoints —T and T), but we must integrate separately over 
the intermediate configurations ¢1(x) and ¢2(x). After this decomposition, 
the extra factors ¢(21) and ¢(x2) in (9.15) become $1(x1) and ¢2(x2), and 
can be taken outside the main integral. The main integral then factors into 
three pieces, each being a simple transition amplitude according to (9.14). 
The times x? and z} automatically fall in order; for example, if a} < x93, then 
(9.15) becomes 


J Da (x) f Deébo(x) r(x ba(X2) (bp e ET- Je) 


—iH («}—x 


TD ld) (rf eT EED ha). 


x (bale 


284 Chapter 9 Functional Methods 


We can turn the field ¢1(x1) into a Schrödinger operator using ¢3(x1) |61) = 
$1(X1) |¢1). The completeness relation f Dd, |¢1) (¢:| = 1 then allows us 
to eliminate the intermediate state |). Similar manipulations work for oo, 
yielding the expression 


3 9 —iH(xz9— x? —iH (x? 
(pol eT HTE) ha (x3) © EED § (x1) e ECD) a). 


Most of the exponential factors combine with the Schrödinger operators to 
make Heisenberg operators. In the case x? > 9, the order of x; and zo would 
simply be interchanged. Thus expression (9.15) is equal to 


(pole 4 Tf bir(@1) bu (2) } eT Jha). (9.17) 


This expression is almost equal to the two-point correlation function. To 
make it more nearly equal, we take the limit T — oo(1 — ie). Just as in 
Section 4.2, this trick projects out the vacuum state |Q) from |é,) and |d5) 
(provided that these states have some overlap with |Q), which we assume). 
For example, decomposing |¢_) into eigenstates |n) of H, we have 


e ET lha) = DPT In) (nia). =. (da) e709 0), 
T 
As in Section 4.2, we obtain some awkward phase and overlap factors. But 
these factors cancel if we divide by the same quantity as (9.15) but without 


the two extra fields ġ(xz1) and ¢(x2). Thus we obtain the simple formula 


[ Dó (e1)6(a2) exp lif, dtz £] 
(OTa (21) Ox (ea) |Q) = lim 7 - 
Tees) f Dé exp lif, dtz c] 
(9.18) 
This is our desired formula for the two-point correlation function in terms 


of functional integrals. For higher correlation functions, just insert additional 
factors of ġ on both sides. 


Feynman Rules 


Our next task is to compute various correlation functions directly from the 
right-hand side of formula (9.18). In other words, we will now use (9.18) to 
derive the Feynman rules for a scalar field theory. We will begin by computing 
the two-point function in the free Klein-Gordon theory, then generalize to 
higher correlation functions in the free theory. Finally, we will consider ot 
theory, in which we can perform a perturbation expansion to obtain the same 
Feynman rules as in Section 4.4. 
Consider first a noninteracting real-valued scalar field: 


So = [ets Lo = es [3 (uo)? - ime]. (9.19) 
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Since Lo is quadratic in @, the functional integrals in (9.18) take the form of 
generalized, infinite-dimensional Gaussian integrals. We will therefore be able 
to evaluate the functional integrals exactly. 

Since this is our first functional integral computation, we will do it in a 
very explicit, but ugly, way. We must first define the integral D@ over field 
configurations. To do this, we use the method of Eq. (9.4) in considering the 
continuous integral as a limit of a large but finite number of integrals. We 
thus replace the variables é(x) defined on a continuum of points by variables 
¢(x;) defined at the points x; of a square lattice. Let the lattice spacing be €, 
let the four-dimensional spacetime volume be L4, and define 


Dé = |] dge), (9.20) 


up to an irrelevant overall constant. 
The field values ¢(x;) can be represented by a discrete Fourier series: 


(os) = 5 oe (kn), (9.21) 
where kë = 2nn#/L, with n an integer, |k“| < m/e, and V = L*. The 
Fourier coefficients 4(k) are complex. However, (x) is real, and so these 
coefficients must obey the constraint ¢*(k) = ¢(—k). We will consider the 
real and imaginary parts of the (kn) with k? > 0 as independent variables. 
The change of variables from the ¢(x;) to these new variables ¢(kn) is a 
unitary transformation, so we can rewrite the integral as 


Do(x) = [] dRed(kn) dim (kp). 


ko >0 


Later, we will take the limit L — oo, e — 0. The effect of this limit is to 
convert discrete, finite sums over kp to continuous integrals over k: 


1 d'k 
vÈ JE (9.22) 


In the following discussion, this limit will produce Feynman perturbation the- 
ory in the form derived in Part I. We will not eliminate the infrared and 
ultraviolet divergences of Feynman diagrams that we encountered in Chap- 
ter 6, but at least the functional integral introduces no new types of singular 
behavior. 

Having defined the measure of integration, we now compute the functional 
integral over ¢. The action (9.19) can be rewritten in terms of the Fourier 
coefficients as 


[0,098 me] =E E E) 


-L SP (n?=12) (Red)? + (mo), 


ko >0 


286 Chapter 9 Functional Methods 


where we have abbreviated (kn) as n in the second line. The quantity 
(m? — k?) = (m? + |kn]? — k®?) is positive as long as k? is not too large. 
In the following discussion, we will treat this quantity as if it were positive, 
More precisely, we evaluate it by analytic continuation from the region where 
Ikp| > ke. 

The "denominator of formula (9.18) now takes the form of a product of 
Gaussian integrals: 


[Pee _ (II [areonaimos) exp[-< v 5 (m? =k? )lbnl?| 


n|k} >0 


[I ( aon esp (nt) Reon)" 


k9 >0 
x (Jimo exp [50n m 9] ) 


—inV mie 
m2—k2 
H >0 


Il a (9.23) 


all kn 


To justify using Gaussian integration formulae when the exponent appears to 
be purely imaginary, recall that the time integral in (9.18) is along a contour 
that is rotated clockwise in the complex plane: t — t(1— ie). This means that 
we should change k? — k°(1 + ie) in (9.21) and all subsequent equations; in 
particular, we should replace (k? — m?) — (k? — m? + ie). The ie term gives 
the necessary convergence factor for the Gaussian integrals. It also defines 
the direction of the analytic continuation that might be needed to define the 
square roots in (9.23). 

To understand the result of (9.23), consider as an analogy the gencral 


Gaussian integral 
(II fa) exp|-&:Bijê;], 
k 


where B is a symmetric matrix with eigenvalues b;. To evaluate this integral 
we write €; = O;jzj, where O is the orthogonal matrix of eigenvectors that 
diagonalizes B. Changing variables from €; to the coefficients x;, we have 


(os) on-c00-(T fol 
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“Ty 


= const xX [det By. 


(9.24) 
The analogy is clearer if we perform an integration by parts to write the 
Klein-Gordon action as 


So= } [tro-n ġ + (surface term). 


Thus the matrix B corresponds to the operator (m?+07), and we can formally 
write our result as 


fro eso = const x [det(m? +8). (9.25) 


This object is called a functional determinant. The actual result (9.23) looks 
quite ill-defined, and in fact all of these factors will cancel in Eq. (9.18). How- 
ever, in many circumstances, the functional determinant itself has physical 
meaning. We will see examples of this in Sections 9.5 and 11.4. 

Now consider the numerator of formula (9.18). We need to Fourier-expand 
the two extra factors of œ: 


1 1 . 
b(a1) (x2) = V X entte om V Soe ther Qi- 


m l 


Thus the numerator is 


1 . 
y2 5 eTil Em'a +ky-x2) ( I] je Re on dim dn) (9.26) 
m,i 


n|klļ >0 


x (Rem + iIMøm)(Re dr +i Im gi) 
i 2 12 2 2 
x exp| -5 5 (m -k2 )[(Reġn) + (Im dn) j]. 


n|k° >0 


For most values of km and k; this expression is zero, since the extra factors of 
é make the integrand odd. The situation is more complicated when km = +k. 
Suppose, for example, that kl, > 0. Then if kı = +km, the term involving 
(Re@m)? is nonzero, but is exactly canceled by the term involving (Im mY. 
If kı = —km, however, the relation ¢(—k) = ¢*(k) gives an extra minus sign 
on the (Im m)? term, so the two terms add. When k?, < 0 we obtain the 
same expression, so the numerator is 


1 —inV ~iV 
Numerator = => ev tkm (21-22) l 
y2 5 II m? — k2 m2 — k2, — te 


m ko >0 


The factor in parentheses is identical to the denominator (9.23), while the rest 
of this expression is the discretized form of the Feynman propagator. Taking 
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the continuum limit (9.22), we find 
dtk je tk (w1—@2) 
(27)* k? — m? + ie 


OTa) = f = Dr(z1-z2). (9.27) 
This is exactly right, including the +ie. 

Next we would like to compute higher correlation functions in the free 
Klein-Gordon theory. 

Inserting an extra factor of ¢ in (9.18), we see that the three-point function 
vanishes, since the integrand of the numerator is odd. All other odd correlation 
functions vanish for the same reason. 

The four-point function has four factors of ¢ in the numerator. Fourier- 
expanding the fields, we obtain an expression similar to Eq. (9.26), but with 
a quadruple sum over indices that we will call m, l, p, and q. The integrand 
contains the product 


(Regm +tIm ¢m)(Re@ + iIm gı) (Re bp + tlm bp) (Re dq + iIm ga). 


Again, most of the terms vanish because the integrand is odd. One of the 
nonvanishing terms occurs when k; = —km and ka = —kp. After the Gaussian 
integrations, this term of the numerator is 


1 ikm:(1—22) ikp (£3— x4) —inV —iV —iV 
woe € II m?—ky, J m?—k2, —ie m?—k2—ie 


m,p nlky, >0 


—inV 
20 ( II arg) Pela ~ 2) p(t ~ 24). 


The factor in parentheses is again canceled by the denominator. We obtain 
similar terms for each of the other two ways of grouping the four momenta 
in pairs. To keep track of the groupings, let us define the contraction of two 
fields as 


ma 2i5o6(n, ola 
O(21) (x2) = Pest 2) 


= Dp(zı — z2). (9.28) 


Then the four-point function is simply 
(0| 7'¢1¢263¢4 |0) = sum of all full contractions 
= Dp (zı — z2)Dp (£3 — x4) 
+ Dp(zı — z3)DpF(z2 — z4) (9.29) 
+ Dr(x1 ~ z4)}Dp (£2 — £3), 
the same expression that we obtained using Wick’s theorem in Eq. (4.40). 
The same method allows us to compute still higher correlation functions. 
In each case the answer is just the sum of all possible full contractions of 


the fields. This result, identical to that obtained from Wick’s theorem in 
Section 4.3, arises here from the simple rules of Gaussian integration. 
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We are now ready to move from the free Klein-Gordon theory to $* theory. 
Add to Lo a @* interaction: 
À 4 


L=Lo- a 


Assuming that A is small, we can expand 


ex|i faee] = exp|ifaeco| (1 -ifsho t). 


Making this expansion in both the numerator and the denominator of (9.18), 
we see that each is (aside from the constant factor (9.23), which again cancels) 
expressed entirely in terms of free-field correlation functions. Moreover, since 
i f dx Lint = —iHint, we obtain exactly the same expansion as in Eq. (4.31). 
We can express both the numerator and the denominator in terms of Feynman 
diagrams, with the fundamental interaction again given by the vertex 


X = id (2ny'6 (Sp), (9.30) 


Alt of the combinatorics work the same as in Section 4.4. In particular, the 
disconnected vacuum bubble diagrams exponentiate and factor from the nu- 
merator of (9.18), and are canceled by the denominator, just as in Eq. (4.31). 

The vertex rule for 4+ theory follows from the Lagrangian in an exceed- 
ingly simple way, and this simple procedure will turn out to be valid for other 
quantum field theories as well. Once the quadratic terms in the Lagrangian 
are properly understood and the propagators of the theory are computed, the 
vertices can be read directly from the Lagrangian as the coefficients of the 
cubic and higher-order terms. 


Functional Derivatives and the Generating Functional 


To conclude this section, we will now introduce a slicker, more formal, method 
for computing correlation functions. This method, based on an object called 
the generating functional, avoids the awkward Fourier expansions of the pre- 
ceding derivation. 

First we define the functional derivative, 6/6J(x), as follows. The func- 
tional derivative obeys the basic axiom (in four dimensions) 

ê é 

6J (x) 


Jy) =6(e@=y) or [tuwo = 6. (9.31) 


êJ (x) 
This definition is the natural generalization, to continuous functions, of the 


rule for discrete vectors, 


ð o 
da, T Ou or Ja a tiki = ki. 
j 
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To take functional derivatives of more complicated functionals we simply use 
the ordinary rules for derivatives of composite functions. For example, 

aay [evs] -wei fevsmow]. 032) 
When the functional depends on the derivative of J, we integrate by parts 
before applying the functional derivative: 


ê ` f 
dF (a) J d*y Oy Iy) V” (y) = -3 V” (2). (9.33) 

The basic object of this formalism is the generating functional of corre- 
lation functions, Z[J]. (Some authors call it W{J].} In a scalar field theory, 
Z|J] is defined as 


a= J Dé exp i J dse + Ia)o(a)]], (9.34) 


This is a functional integral over ¢ in which we have added to £ in the expo- 
nent a source term, J(x)b(2). 

Correlation functions of the Klein-Gordon field theory can be simply com- 
puted by taking functional derivatives of the generating functional. For exam- 
ple, the two-point function is 


(01 (es}6(e2)|0) = z ( stay) ( iste AURR (9.35) 


where Zo = Z|J = 0]. Each functional derivative brings down a factor of @ in 
the numerator of Z[.J]; setting J = 0, we recover expression (9.18). To compute 
higher correlation functions we simply take more functional derivatives. 

Formula (9.35) is useful because, in a free field theory, Z/J] can be rewrit- 
ten in a very explicit form. Consider the exponent of (9.34) in the free Klein- 
Gordon theory. Integrating by parts, we obtain 


finte) + J¢] = Jelon +ie)o+ Jol. (9.36) 


(The ie is a convergence factor for the functional integral, as we discussed 
below Eq. (9.23).) We can complete the square by introducing a shifted ficld, 


(0) = ole) ~i f d'y Dele sty). 


Making this substitution and using the fact that Dp is a Green’s function of 
the Klcin-Gordon operator, we find that (9.36) becomes 


f d*‘2[Lo(¢) + Jo] = J d'eli (-8-m? + ie)d'| 


— Jrd 45 (x)(-iDp)(a, yI y). 
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More symbolically, we could write the change of variables as 


b= + (-8-—m? + ie)! J, (9.37) 


and the result 


[es{eo(o) + 30 = fieno B-m? + ie)g’ — 4I(—0?—m? + ie)“ I]. 

(9.38) 

Now change variables from ¢ to @’ in the functional integral of (9.34). 

This is just a shift, and so the Jacobian of the transformation is 1. The result 
is 


J Dd! exp i J dr Lo(¢")| exp [~i | d'x dy L(x) [-iDe(x—y)J()| 


The second exponential factor is independent of ¢’, while the remaining inte- 
gral over œ’ is precisely Zo. Thus the generating functional of the free Klein- 
Gordon theory is simply 


| ZIJ] = Z% exp|-} J d'e dy J(n)De(e—-v)I(u)}, (9.39) 


Let us use Eqs. (9.39) and (9.35) to compute some correlation functions. 
; The two-point function is 


(OTC) 62) 10) 


Son Son exp|-} [es d'y J(2)Dee—yI(9)]| 
= -Jo [3 faty Dr(to-y) J (y) — 3 [dx He) De(2—ws)| e 7 
= Dp(zı — z2). (9.40) 


Taking one derivative brings down two identical terms; the second derivative 
gives several terms, but only when it acts on the outside factor do we get a 
term that survives when we set J = 0. 

It is instructive to work out the four-point function by this method as 
well. In order to fit the computation in a reasonable amount of space, let 
us abbreviate arguments of functions as subscripts: ¢, = (x1), Je = J(2), 
Dy = Dp(x—x4), and so on. Repeated subscripts will be integrated over 
implicitly. The four-point function is then 


6 é ó 
T — 
(0| 1.612034 |0) BI, bdo GJ; 


[Js Dra] e737 Pov 


J=0 


6 ó 1 
= Do4 + JpDerad, Dyal o7 3 Je Day Sy 
Jı bdo | 34 wady ys E* J=0 
ô 1 
= TF | DaiJe Dez + DoaJy Dy3 + Je Ds4 Dzs! eo Prn| 
óJ ” J=0 
= D34Dy2 + Do4 Di3 + Di4 Do3, (9.41) 
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in agreement with (9.29). The rules for differentiating the exponential give 
rise to the same familiar pattern: We get one term for each possible way of 
contracting the four points in pairs, with a factor of Dp for each contraction. 

The generating functional method used just above to construct the cor- 
relations of a free field theory can be used as well to represent the correla- 
tion functions of an interacting field theory. Formula (9.35) is independent of 
whether the theory is free or interacting. The factor Z[J = 0] is nontrivial in 
the case of an interacting field theory, but it simply gives the denominator of 
Eq. (9.18), that is, the sum of vacuum diagrams. Again from this approach, 
the combinatoric issues in the evaluation of correlation functions are the same 
as in Section 4.4. 


9.3 The Analogy Between Quantum Field Theory 
and Statistical Mechanics 


Let us now pause from the technical aspects of this discussion to consider some 
implications of the formulae we have derived. To begin, let us summarize the 
formal conclusions of the previous section in the following way: For a field 
theory governed by the Lagrangian £, the generating functional of correlation 
functions is 


Z| = J Dé expli J d'e(£+ J9). (9.42) 


The time variable of integration in the exponent runs from —T to T, with 
T — co(1—ie). A correlation function such as (9.18) is reproduced by writing 


OITO) = ZU" (“igs ) (“ig ay 048) 


The generating functional (9.42) is reminiscent of the partition function of 
statistical mechanics. It has the same general structure of an integral over all 
possible configurations of an exponential statistical weight. The source J(a) 
plays the role of an external field. In fact, our method of computing correlation 
functions by differentiating with respect to J(x) mimics the trick often used 
in statistical mechanics of computing correlation functions by differentiating 
with respect to such variables as the pressure or the magnetic field. 

This analogy can be made more precise by manipulating the time vari- 
able of integration in (9.42). The derivation of the functional integral formula 
implied that the time integration was slightly tipped into the complex plane, 
in just the direction to permit the contour to be rotated clockwise onto the 
imaginary axis. We have already noted (below (9.23)) that the original in- 
finitesimal rotation gives the correct ie prescription to produce the Feynman 
propagator. The finite rotation is the analogue in configuration space of the 
Wick rotation of the time component of momentum illustrated in Fig. 6.1. 
Like the Wick rotation in a momentum integral, this Wick rotation of the 
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time coordinate t = —ix° produces a Euclidean 4-vector product: 


2 =p? x? > —(0°)? — jx? = — lore? (9.44) 


x 


It is possible to show, by manipulating the expression for each Feynman di- 
agram, that the analytic continuation of the time variables in any Green’s 
function of a quantum field theory produces a correlation function invari- 
ant under the rotational symmetry of four-dimensional Euclidean space. This 
Wick rotation inside the functional integral demonstrates this same conclusion 
in a more general way. 

To understand what we have achieved by this rotation, consider the ex- 
ample of ¢* theory. The action of ¢4 theory coupled to sources is 


J diz (L+ Jọ) = J d'e [5 (00)? Smg Àg tJe. (8.45) 


After the Wick rotation (9.44), this expression takes the form 


ifd'en(Ce-J0) =i | d'es [0e j Emo? ' ao! Jel. (9.46) 


This expression is identical in form to the expression (8.8) for the Gibbs free 
energy of a ferromagnet in the Landau theory. The field ¢(xpg) plays the role 
of the fluctuating spin field s(x), and the source J(x) plays the role of an 
external magnetic field. Note that the new ferromagnet lives in four, rather 
than three, spatial dimensions. 

The Wick-rotated generating functional Z[J] becomes 


ZJ] = J Do exp|- f d'en (£e —J¢)]. (9.47) 


The functional £y[¢] has the form of an energy: It is bounded from below 
and becomes large when the field ¢@ has large amplitude or large gradients. 
The exponential, then, is a reasonable statistical weight for the fluctuations 
of œ. In this new form, Z[J] is precisely the partition function describing the 
statistical mechanics of a macroscopic system, described approximately by 
treating the fluctuating variable as a continuum field. 

The Green’s functions of ¢(rg) after Wick rotation can be calculated 
from the functional integral (9.47) exactly as we computed Minkowski Green’s 
functions in the previous section. For the free theory (A = 0), a set of manipu- 
lations analogous to those that produced (9.27) or (9.40) gives the correlation 
function of @ as 


d‘*ke etke (281 —E2) 


(Weede = |e ae 


(9.48) 


This is just the Feynman propagator evaluated in the spacelike region; accord- 
ing to Eq. (2.52), this function falls off as exp(—m|ag1 — xg2|). That behavior 
is the four-dimensional analogue of the spin correlation function (8.15). We 
see that, in the Euclidean continuation of field theory Green’s functions, the 
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Compton wavelength m~! of the quanta becomes the correlation length of 
statistical fluctuations. 

This correspondence between quantum field theory and statistical me- 
chanics will play an important role in the developments of the next few chap- 
ters. In essence, it adds to our reserves of knowledge a completely new source 
of intuition about how field theory expectation values should behave. This 
intuition will be useful in imagining the general properties of loop diagrams 
and, as we have already discussed in Chapter 8, it will give important insights 
that will help us correctly understand the role of ultraviolet divergences in 
field theory calculations. In Chapter 13, we will see that field theory can also 
contribute to statistical mechanics by making profound predictions about the 
behavior of thermal systems from the properties of Feynman diagrams. 


9.4 Quantization of the Electromagnetic Field 


In Section 4.8 we stated without proof the Feynman rule for the photon prop- 
agator, 
-igu 


k> = k2 tie (9.49) 


Now that we have the functional integral quantization method at our com- 
mand, let us apply it to the derivation of this expression. 
Consider the functional integral 


f DA sll, (9.50) 


where S[A] is the action for the free electromagnetic field. (The functional 
integral is over each of the four components: DA = DA°DA!DA?D<A? ) Inte- 
grating by parts and expanding the field as a Fourier integral, we can write 
the action as 


S= fes [-7(Fw)?] 


= pf i Anker) (Oat _ dH”) A, (a) 
l d'k A HvV MLV) A 
~ 9 [ERAO + k“k”) A,(—k). (9.51) 


This expression vanishes when A, (k) =k, a(k), for any scalar function a(k). 
For this large set of field configurations the integrand of (9.50) is 1, and there- 
fore the functional integral is badly divergent (there is no Gaussian damping). 
Equivalently, the equation 


(8? gu — nO) Dik (w — y) = i8, P 5 (a — y) 


or (kga + ky kv) D (k) = 18,0, (9.52) 
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which would define the Feynman propagator D7’, has no solution, since the 
4x 4 matrix (—k? guy + kuko) is singular. 

This difficulty is due to gauge invariance. Recall that F,,, and hence £, 
is invariant under a general gauge transformation of the form 


A, (a z) > A, (x :) + Td ale ). 


The troublesome modes are those for which A, (x) = 40,,a(z), that is, those 
that are gauge-equivalent to A (x) = 0. The functional integral is badly de- 
fined because we are redundantly integrating over a continuous infinity of 
physically equivalent field configurations. To fix the problem, we would like 
to isolate the interesting part of the functional integral, which counts each 
physical configuration only once. 

We can accomplish this by means of a trick, due to Faddeev and Popov.t 
Let G(A) be some function that we wish to set equal to zero as a gauge- 
fixing condition; for example, G(A) = „A“ corresponds to Lorentz gauge. 
We could constrain the functional integral to cover only the configurations 
with G(A) = 0 by inserting a functional delta function, 6(G(A)). (Think of 
this object as an infinite product of delta functions, one for each point x.) To 
do so legally, we insert 1 under the integral of (9.50), in the following form: 


1= J Dax) 6(G(A°)) ae (E2), 


where A® denotes the gauge-transformed field, 


(9.53) 


us 


Equation (9.53) is the continuum generalization of the identity 


l= (11 foa) 6") (g(a) de (se) 


for discrete n-dimensional vectors. In Lorentz gauge we have G(A®%) = 
aA, + (1/e)0?a, so the functional determinant det(6G(A°)/éa) is equal 
to det(d?/e). For the present discussion, the only relevant property of this de- 
terminant is that it is independent of A, so we can treat it as a constant in 
the functional integral. 

After inserting (9.53), the functional integral (9.50) becomes 


rae) a) 
de t( 22) Da | Daes4 (G(A®)). 
Now change variables from A to A®. This is a simple shift, so DA = DA®. 
Also, by gauge invariance, S|A] = S[A®]. Since A“ is now just a dummy 


İL. D. Faddcev and V. N. Popov, Phys. Lett. 25B, 29 (1967). 
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integration variable, we can rename it back to A, obtaining 


[paesa d (SE) a) ) f? a | DASI af (G(A)). (9.54) 


The functional integral over A is now restricted by the delta function to phys- 
ically inequivalent field configurations, as desired. The divergent integral over 
a(x) simply gives an infinite multiplicative factor. 

To go further we must specify a gauge-fixing function G(A). We choose 
the general class of functions 


G(A) = 0" A (x) — w(x), (9.55) 


where w(x) can be any scalar function. Setting this G(A) equal to zero gives 
a generalization of the Lorentz gauge condition. The functional determinant 
is the same as in Lorentz gauge, det (6G(A®) /5a) = det(d?/e). Thus the 
functional integral becomes 


f DA eslA — det (22) ( f Da) f DA e51 §(OHA,, — w(x). 


This equality holds for any w(x), so it will also hold if we replace the right- 
hand side with any properly normalized linear combination involving different 
functions w(x). For our final trick, we will integrate over all w(x), with a 
Gaussian weighting function centered on w = 0. The above expression is thus 
equal to 


NE [Deere] ifate ae (=) )( fpa) [paesa §(“A,, —w(zx)) 
= N(€) det (-0*) ( f Da) f DA isll exp j- f d'r g| 
(9.56 


where N (£) is an unimportant normalization constant and we have used the 
delta function to perform the integral over w. We can choose € to be any 
finite constant. Effectively, we have added a new term —(0“A,,)?/2€ to the 
Lagrangian. 

So far we have worked only with the denominator of our formula for 
correlation functions, 


[ DAO(A)exp|i fir de L] 
T—o00(1-ie) {DA expii Jr dia c| 


The same manipulations can also be performed on the numerator, provided 
that the operator O(A) is gauge invariant. (If it is not, the variable change 
from A to A“ preceding Eq. (9.54) does not work). Assuming that O(A) is 


ae a a Ra el EA EE E AA IE, Sa E T TATA TE EM EE Se 
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gauge invariant, we find for its correlation function 


DAO(A)exp|i [7p d'z [£ - 3 (0A dl 
(QITO(AJIQ) = lim J PAOA pier [E = a (0A 
rsio f DA expli fp d'e [£ - 4 (0"A,.)?)] 
(9.57) 

The awkward constant factors in (9.56) have canceled; the only trace left by 
this whole process is the extra £-term that is added to the action. 

At the beginning of this section, in Eq. (9.52), we saw that we could 
not obtain a sensible photon propagator from the action S[A]. With the new 
€-term, however, that equation becomes 


1 ~ 
(Bgus + (OED) DK = i6, 
which has the solution 


~ —i ktk” 
Di (k) = ak G (1-8) 45 ). (9.58) 


This is our desired expression for the photon propagator. The ze term in the 
denominator arises exactly as in the Klein-Gordon case. Note the overall minus 
sign relative to the Klein-Gordon propagator, which was already evident in 
Eq. (9.52). 

In practice one usually chooses a specific value of € when making compu- 
tations. Two choices that are often convenient are 


€=0 Landau gauge; 
€=1 Feynman gauge. 


So far in this book we have always used Feynman gauge.? 

The Faddeev-Popov procedure guarantees that the value of any correla- 
tion function of gauge-invariant operators computed from Feynman diagrams 
will be independent of the value of £ used in the calculation (as long as the 
same value of £ is used consistently). In the case of QED, it is not difficult 
to prove this €-independence directly. Notice in Eq. (9.58) that € multiplies a 
term in the photon propagator proportional to k”“k”. According to the Ward- 
Takahashi identity (7.68), the replacement in a Green’s function of any photon 
propagator by k#k” yields zero, except for terms involving external off-shell 
fermions. These terms are equal and opposite for particle and antiparticle and 
vanish when the fermions are grouped into gauge-invariant combinations. 

To complete our treatment of the quantization of the electromagnetic field, 
we need one additional ingredient. In Chapters 5 and 6, we computed S-matrix 


tOther choices of € may be useful in specific applications; for example, in certain 
problems of bound states in QED, the Yennie gauge, € = 3, produces a cancellation 
that is otherwise difficult to make explicit. See H. M. Fried and D. R. Yennie, Phys. 
Rev. 112, 1391 (1958). 
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elements for QED from the correlation functions of non-gauge-invariant oper- 
ators W(x), u(x), and A,,(a:). We will now argue that the S-matrix elements 
are given correctly by this procedure. Since the S-matrix is defined between 
asymptotic states, we can compute S-matrix elements in a formalism in which 
the coupling constant is turned off adiabatically in the far past and far fu- 
ture. In the zero coupling limit, there is a clean separation between gauge- 
invariant and gauge-variant states. Single-particle states containing one elec- 
tron, one positron, or one transversely polarized photon are gauge-invariant, 
while states with timelike and longitudinal photon polarizations transform 
under gauge motions. We can thus define a gauge-invariant S-matrix in the 
following way: Let Srp be the S-matrix between gencral asymptotic states, 
computed from the Faddeev-Popov procedure. This matrix is unitary but 
not gauge-invariant. Let Py be a projection onto the subspace of the space 
of asymptotic states in which all particles are either electrons, positrons, or 
transverse photons. Then let 


S = P Srp Py. (9.59) 


This S-matrix is gauge invariant by construction, because it is projected onto 
gauge-invariant states. It is not obvious that it is unitary. However, we ad- 
dressed this issue in Section 5.5. We showed there that any matrix element 
M* cit, for photon emission satisfies 


5 Cin Civ MEM” = (—Guv) MEM", (9.60) 


4=1,2 


where the sum on the left-hand side runs only over transverse polarizations. 
The same argument applies if M” and M*” are distinct amplitudes, as long 
as they satisfy the Ward identity. This is exactly the information we need to 
see that 

SS' = Py Spp Py Shp Py = Po Srp Ship Po. (9.61) 


Now we can use the unitarity of Spp to see that S is unitary, SST = 1, on 
the subspace of gauge-invariant states. It is easy to check explicitly that the 
formula (9.59) for the S-matrix is independent of £: The Ward identity implies 
that any QED matrix element with all external fermions on-shell is unchanged 
if we add to the photon propagator D#*(q) any term proportional to q”. 


9.5 Functional Quantization of Spinor Fields 


The functional methods that we have used so far allow us to compute, using 
Eq. (9.18) or (9.35), correlation functions involving ficlds that obey canonical 
commutation relations. To generalize these methods to include spinor fields, 
which obey canonical anticommutation relations, we must do something dif- 
ferent: We must represent even the classical fields by anticommuting numbers. 


l 
q 
l 
i 
l 
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Anticommuting Numbers 


We will define anticommuting numbers (also called Grassmann numbers) by 
giving algebraic rules for manipulating them. These rules are formal and might 
seem ad hoc. We will justify them by showing that they lead to the familiar 
quantum theory of the Dirac equation. 

The basic feature of anticommuting numbers is that they anticommute. 
For any two such numbers 0 and 1, 


On = =ð. (9.62) 
In particular, the square of any Grassmann number is zero: 
0? =0. 


(This fact makes algebra extremely easy.) A product (67) of two Grassmann 
numbers commutes with other Grassmann numbers. We will also wish to 
add Grassmann numbers, and to multiply them by ordinary numbers; these 
operations have all the properties of addition and scalar multiplication in any 
vector space. 

The main thing we want to do with anticommuting numbers is integrate 
over them. To define functional integration, we do not need general definite 
integrals of these parameters, but only the analog of fe da. So let us de- 
fine the integral of a general function f of a Grassmann variable 0, over the 
complete range of 8: 


[oro = fu (A + BO). 


In general, f(0) can be expanded in a Taylor series, which terminates after 
two terms since 0? = 0. The integral should be linear in f; thus it must be 
a linear function of A and B. Its value is fixed by one additional property: 
In our analysis of bosonic functional integrals (for instance, in (9.38) and 
(9.54}), we made strong use of the invariance of the integral to shifts of the 
integration variable. We will see in Section 9.6 that this shift invariance of 
the functional integral plays a central role in the derivation of the quantum 
mechanical equations of motion and conservation laws, and thus must be 
considered a fundamental aspect of the formalism. We must, then, demand 
this same property for integrals over 0. Invariance under the shift 0 — 0+ 7 
yields the condition 


fu (A+ BO) = fæ ((A+ Bn) + BO). 


The shift changes the constant term, but leaves the linear term unchanged. 
The only linear function of A and B that has this property is a constant 
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(conventionally taken to be 1) times B, so we define* 
fu (A+ BO) =B. (9.63) 


When we perform a multiple integral over more than one Grassmann variable, 
an ambiguity in sign arises; we adopt the convention 


fæ fo nd = +1, (9.64) 


performing the innermost integral first. 

Since the Dirac field is complex-valued, we will work primarily with com- 
plex Grassmann numbers, which can be built out of real and imaginary parts 
in the usual way. It is convenient to define complex conjugation to reverse the 
order of products, just like Hermitian conjugation of operators: 


(0n)" = °0" = —6" n". (9.65) 
To integrate over complex Grassmann numbers, let us define 
_ A+ 262 p= 0i — ib2 
v2 v2 
We can now treat @ and 6* as independent Grassmann numbers, and adopt 


the convention f d6*d@ (00*) = 1. 
Let us evaluate a Gaussian integral over a complex Grassmann variable: 


0 


fæ doe 8? = jw do (1 — 0*b0) = fæ do (1 +00*b) =b. (9.66) 


If @ were an ordinary complex number, this integral would equal 27 /b. The 
factor of 27 is unimportant; the main difference with anticommuting num- 
bers is that the b comes out in the numerator rather than the denominator. 
However, if there is an additional factor of 06* in the integrand, we obtain 


fæ do 00* e~ 9 = 1 = ; `b. (9.67) 
The extra 00* introduces a factor of (1/b), just as it does in an ordinary 
Gaussian integral. 

To perform general Gaussian integrals in higher dimensions, we must first 
prove that an integral over complex Grassmann variables is invariant under 
unitary transformations. Consider a set of n complex Grassmann variables @;, 
and a unitary matrix U. If 0; = U,;0;, then 


la 
[16 = 67 0105-6 


*This definition is due to F. A. Berezin, The Method of Second Quantization, 
Academic Press, New York, 1966. 
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1 ,. 
weal 
= aE U 4470 U5 5185 -Uwy 


1 b shad t 
— ge Ur U5 a. Uwe Zl (I 6,) 


(det U) (II 61). (9.68) 


(1 fa: its) 1), 


the only term of f(@) that survives has exactly one factor of each 8; and 6; 
it is proportional to ([] 4) ([] 67). If we replace 6 by U@, this term acquires a 
factor of (det U)(det U)* = 1, so the integral is unchanged under the unitary 
transformation. 

We can now evaluate a general Gaussian integral involving a Hermitian 
matrix B with eigenvalues b;: 


(q f do? ios) ei Bibs — (1 f do* ity Jer >i: — T] b; = det B. (9.69) 


In a general integral 


t 


(If @ were an ordinary number, we would have obtained (27)”"/(det B).) Sim- 
ilarly, you can show that 


(1 f do; its) 0,07 e~ 9 Buð = (det B)(B™+) a. (9.70) 
t 

Inserting another pair 6,,9% in the integrand would yield a second factor 
(B~1) nn, and a second term in which the indices | and n are interchanged 
(the sum of all possible pairings). In general, except for the determinant being 
in the numerator rather than the denominator, Gaussian integrals over Grass- 
mann variables behave exactly like Gaussian integrals over ordinary variables. 


The Dirac Propagator 


A Grassmann field is a function of spacetime whose values are anticommuting 
numbers. More precisely, we can define a Grassmann field y(x) in terms of 
any set of orthonormal basis functions: 


v(x) = > vtile) (9.71) 


The basis functions ġ;(x) are ordinary c-number functions, while the coeffi- 
cients w; are Grassmann numbers. To describe the Dirac field, we take the ¢; 
to be a basis of four-component spinors. 

We now have all the machinery needed to evaluate functional integrals, 
and hence correlation functions, involving fermions. For example, the Dirac 
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two-point function is given by 
E S DE Dy exp|if dbx dia — my) Were) 
(0| Teh(w1)U(a2) |0) = — . 
J Dip Dw exp lif dx wig — my) 


(We write Dy instead of Dy* for convenience; the two are unitarily equiva- 
lent. We also leave the limits on the time integrals implicit; they are the same 
as in Eq. (9.18), and will yield an ze term in the propagator as usual.) The 
denominator of this expression, according to (9.69), is det(i@ — m). The nu- 
merator, according to (9.70), is this same determinant times the inverse of 
the operator —i(i@ — m). Evaluating this inverse in Fourier space, we find the 
familiar result for the Feynman propagator, 


0] Ty(z1)$ (22) 10) = S ak ieie 9.72 
(011 (2:)9(22) 10) = Seler =a) = SEa e (079) 
Higher correlation functions of free Dirac fields can be evaluated in a similar 
manner. The answer is always just the sum of all possible full contractions 
of the operators, with a factor of Sp for each contraction, as we found from 
Wick’s theorem in Chapter 4. 


Generating Functional for the Dirac Field 


As with the Klein-Gordon field, we can alternatively derive the Feynman rules 
for the free Dirac theory by means of a generating functional. In analogy with 
(9.34), we define the Dirac generating functional as 


Zinn] = | DEDY exp[i fata -mutne (0.73) 


where (x) is a Grassmann-valued source field. You can easily shift y(x) to 
complete the square, to derive the simpler expression 


thn] = Zo-exp|—fatea*yA(e)Sp(e—y)ny)], (0.74) 


where, as before, Zo is the value of the generating functional with the external 
sources set to zero. 

To obtain correlation functions, we will differentiate Z with respect to 7 
and 7. First, however, we must adopt a sign convention for derivatives with 
respect to Grassmann numbers. If 7 and 6 are anticommuting numbers, let us 


define d d 
8n = 8 = —8. 9.7. 
dn K dn" (9.75) 


Then referring to the definition (9.73) of Z, we see that the two-point function, 
for example, is given by 


(OIT Yle) 0) = 25" (=i ) (465-2) Zl 


n=O 
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Plugging in formula (9.74) for Z[7, n] and carefully keeping track of the signs, 
we find that this expression is equal to the Feynman propagator, Sr (£1 — £2). 
Higher correlation functions can be evaluated in a similar way. 


QED 


As we saw in Section 9.2 for the case of scalar fields, the functional inte- 
gral method allows us to read the Feynman rules for vertices directly from 
the Lagrangian for an interacting field theory. For the theory of Quantum 
Electrodynamics, the full Lagrangian is 


Lorp = Yip — my — 4 Fu)? 
= hig -myy — (Fm)? — edybAy 
= Lo — epy Ag, 
where D, = 0, + ie, is the gauge-covariant derivative. 


To evaluate correlation functions, we expand the exponential of the inter- 
action term: 


exp[if£] = exp|ifLo] È -ie fatedyted, t]; 


The two terms of the free Lagrangian yield the Dirac and electromagnetic 
propagators derived in this section and the last: 


dtp ieir @-y) 
> = . 
p lam po—m+ie’ 


d*qg igu eiTe) 
I = ar) “Pate (Feynman gauge). 


The interaction term gives the QED vertex, 
u = iey” [ee 


As in Chapter 4, we can rearrange these rules, performing the integrations 
over vertex positions to obtain momentum-conserving delta functions, and 
using these delta functions to perform most of the propagator momentum 
integrals. 

The only remaining aspect of the QED Feynman rules is the placement of 
various minus signs. These signs are also built into the functional integral; for 
example, interchanging 6; and 67 in Eq. (9.70) would introduce a factor of —1. 
We will see another example of a fermion minus sign in the computation that 
follows. 
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Functional Determinants 


Throughout this chapter we have encountered expressions that we wrote for- 
mally as functional determinants. To end this section, let us investigate one 
of these objects more closely. We will find that, at least in this case, we can 
write the determinant explicitly as a sum of Feynman diagrams. 

Consider the object 


f Dip Dy expli f dtz ylip — my], (9.76) 


where D, = 0, +ieA, and A,(x) is a given external background field. For- 
mally, this expression is a functional determinant: 


= det (i — m) = det(ig — m — eA) 
= det(ig — m) - det(1 -5 


i 


“—(—ieA)). 
In the last form, the first term is an infinite constant. The second term contains 
the dependence of the determinant on the external field A. We will now show 
that this dependence is well defined and, in fact, is exactly equivalent to the 
sum of vacuum diagrams. 

To demonstrate this, we need only apply standard identities from linear 
algebra. First notice that, if a matrix B has eigenvalues b;, we can write its 
determinant as 


det B = [J b; = exp [= log b: = exp [Trog B)| (9.77) 


where the logarithm of a matrix is defined by its power series. Applying this 
identity to our determinant, and writing out the power series of the logarithm, 
we obtain? 


det(1 i (iet) = en] 5 zaf i (-iea))"]. (9.78) 


ið- m — ig@—m 


Alternatively, we can evaluate this determinant by returning to expres- 
sion (9.76) and using Feynman diagrams. Expanding the interaction term, we 
obtain the vertex rule 


= —iey" [as A, (x). 


*We use Tr() to denote operator traces, and tr() to denote Dirac traces. 
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Our determinant is then equal to a sum of Feynman diagrams, 


de(1 - $A) = 1+ É + Q + SS Or 
= exp É + Q “Oe : (9.79) 


The series exponentiates, since the disconnected diagrams are products of con- 
nected pieces (with appropriate symmetry factors when a piece is repeated). 


For example, 
o 1 
2 


Now let us evaluate the nth diagram in the exponent of (9.79). There is a factor 
of —1 from the fermion loop, and a symmetry factor of 1/n since we could 
rotate the interactions around the diagram up to n times without changing 
it. (The factor is not 1/n!, because the cyclic order of the interaction points 
is significant.) The diagram is therefore 


2 


= -= [en -+ -dEn tr | (—ied(21)) Sr (22 =g) 
(—ieA(en)) Selz: — 2)| 


_ = ( i iea) |. (9.80) 


n ið — m 


in exact agreement with (9.78), including the minus sign and the symmetry 
factor. 

The computation of functional determinants using Feynman diagrams is 
an important tool, as we will see in Chapter 11. 
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9.6 Symmetries in the Functional Formalism 


We have now seen that the quantum field theoretic correlation functions of 
scalar, vector, and spinor fields can be computed from the functional integral, 
completely bypassing the construction of the Hamiltonian, the Hilbert space of 
states, and the equations of motion. The functional integral formalism makes 
the symmetries of the problem manifest; any invariance of the Lagrangian 
will be an invariance of the quantum dynamics.! However, we would like to 
be able to appeal also to the conservation laws that follow from the quantum 
equations of motion, or to these equations of motion themselves. For example, 
the Ward identity, which played a major role in our discussion of photons in 
QED (Section 5.5), is essentially the conservation law of the electric charge 
current. Since, as we saw in Section 2.2, the conservation laws follow from 
symmetries of the Lagrangian, one might guess that it is not difficult to derive 
these conservation laws from the functional integral. In this section we will 
see how to do that. We will see that the functional integral gives, in a most 
direct way, a quantum generalization of Noether’s theorem. This result will 
lead to the analogue of the Ward-Takahashi identity for any symmetry of a 
general quantum field theory. 


Equations of Motion 


To prepare for this discussion, we should determine how the quantum equa- 
tions of motion follow from the functional integral formalism. As a first prob- 
lem to study, let us examine the Green’s functions of the free scalar field. To 
be specific, consider the three-point function: 


(Q| Tb(#1)$(x2) (xs) |Q) = Z7! J Doei “ll g(,)d(r2) (03), (9.81) 


where £ = 3(0,6)? — }m?¢* and Z is a shorthand for Z[J = 0], the func- 
tional integral over the exponential. In classical mechanics, we would derive 
the equations of motion by insisting that the action be stationary under an 
infinitesimal variation 


plz) > p(z) = (x) + e(z). (9.82) 


The appropriate generalization is to consider (9.82) as an infinitesimal change 
of variables. A change of variables does not alter the value of the integral. Nor 
does a shift of the integration variable alter the measure: Dé¢' = Dd. Thus we 
can write 


[Poel gaoa) — [poi yega, 


There are some subtle exceptions to this rule, which we will treat in Chapter 19. 
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where ¢' = ġ + e. Expanding this equation to first order in €, we find 
o= [poele | (: [daea [P-ro] 


+ e(21)4(22)4l23) + (2s )€(2) (20s) + #(e}6(e)eaa) b. 


(9.83) 
The last three terms can be combined with the first by writing, for instance, 
e(x1) = f dtz e(x)6(x—a1). Noting that the right-hand side must vanish for 
any possible variation e(x), we then obtain 


o= f Dei ** [( + mjela) oleoa) 


+ iô(x—z1)p(£2)$(z3) + iġ(z1)ó(x—z2)¢(z3) + ib(ar1)(42)6(a—s)). 
(9.84) 
A similar equation holds for any number of fields 6(2;). 
To see the implications of (9.84), let us specialize to the case of one field 
o(x1) in (9.81). Notice that the derivatives acting on ¢(z) can be pulled 
outside the functional integral. Then, dividing (9.84) by Z yields the identity 


(2? + m?) (Q| T4(@) (a1) I9) = -46(e — z1). (9.85) 


The left-hand side of this relation is the Klein-Gordon operator acting on a 
correlation function of ọ(x). The right-hand side is zero unless z = z1; that 
is, the correlation function satisfies the Klein-Gordon equation except at the 
point where the arguments of the two ¢ fields coincide. The modification of 
the Klein-Gordon equation at this point is called a contact term. In this simple 
case, the modification is hardly unfamiliar to us; Eq. (9.85) merely says that 
the Feynman propagator is a Green’s function of the Klein-Gordon operator, 
as we originally showed in Section 2.4. We saw there that the delta function 
arises when the time derivative in 0? acts on the time-ordering symbol. We will 
see below that, quite generally in quantum field theory, the classical equations 
of motion for fields are satisfied by all quantum correlation functions of those 
fields, up to contact terms. 

As an example, consider the identity that follows from (9.84) for an (n+1)- 
point correlation function of scalar fields: 


(8? +m?) (Q|Te(x)d(a1)--- (an) |) 


n 9.86 
-S aroe) ie- 29) Hayy. O 


This identity says that the Klein-Gordon equation is obeyed by ¢(2x) inside 
any expectation value, up to contact terms associated with the time ordering. 
The result can also be derived from the Hamiltonian formalism using the 
methods of Section 2.4, or, using the special properties of free-field theory, by 
evaluating both sides of the equation using Wick’s theorem. 
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As long as the functional measure is invariant under a shift of the integra- 
tion variable, we can repeat this argument and obtain the quantum equations 
of motion for Green’s functions for any theory of scalar, vector, and spinor 
fields. This is the reason why, in Eq. (9.63), we took the shift invariance to be 
the fundamental, defining property of the Grassmann integral. 

For a general field theory of a field y(x), governed by the Lagrangian 
L{y], the manipulations leading to (9.83) give the identity 


0= fzo efec fi fats e(x) =a ( [ ate'c) - p(r1)y(r2) 


+ (21) y(2) + oler)e(aa)}. 


(9.87) 


and similar identities for correlation functions of n fields. By the rule for 
functional differentiation (9.31), the derivative of the action is 


soy (| 6) = ACO 


H 


this is the quantity that equals zero by the Euler-Lagrange equation of motion 
(2.3) for p. Formula (9.87) and its generalizations lead to the set of identities 


(45 fere) lzi) olan) ) = D (elz) e (i6(a = z:)) --- (tn). 


i=1 

(9.88) 

In this equation, the angle-brackets denote a time-ordered correlation function 

in which derivatives on p(x) are placed outside the time-ordering symbol, as in 

Eq. (9.86). Relation (9.88) states that the classical Euler-Lagrange equations 

of the field y are obeyed for all Green’s functions of y, up to contact terms 

arising from the nontrivial commutation relations of field operators. These 

quantum equations of motion for Green’s functions, including the proper con- 
tact terms, are called Schwinger-Dyson equations. 


Conservation Laws 


In classical field theory, Noether’s theorem says that, to each symmetry of 
a local Lagrangian, there corresponds a conserved current. In Section 2.2 we 
proved Noether’s theorem by subjecting the Lagrangian to an infinitesimal 
symmetry variation. In the spirit of the above discussion of equations of mo- 
tion, we should find the quantum analogue of this theorem by subjecting the 
functional integral to an infinitesimal change of variables along the symmetry 
direction. 

Again, it will be most instructive to begin with an example. Let us con- 
sider the theory of a free, complex-valued scalar field, with the Lagrangian 


L= |ð pl? —m?|¢/?. (9.89) 
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This Lagrangian is invariant under the transformation ¢ — e'¢. The classical 
consequences of this invariance were discussed in Section 2.2, below Eq. (2.14). 
To find the quantum formulae, consider the infinitesimal change of variables 


p(z) > (x) = Oz) + ta(z) 9(z). (9.90) 
Note that we have made the infinitesimal angle of rotation a function of z; 
the reason for this will be clear in a moment. 
The measure of functional integration is invariant under the transforma- 
tion (9.90), since this is a unitary transformation of the variables ¢(x). Thus, 
for the case of two fields, 


[decil®*€ Pp er)o* (ea) E 


g=(lt+ia)?d 
Expanding this equation to first order in a, we find 


o= [ppl fi [ataoa iga — 9°") ] oer) e 


+ [ie(aes)6(@1)] 6" (22) + (1) (i002) 6"(22)] \ 


Notice that the variation of the Lagrangian contains only terms proportional 
to ða, since the substitution (9.90) with a constant a leaves the Lagrangian 
invariant. To put this relation into a familiar form, integrate the term involving 
ð, a by parts. Then taking the coefficient of a(x) and dividing by Z gives 


(a,j EEH" (2) = (=A (i 1)6(@ = a1) 6° (22) 


(9.91) 
+ (1) (—id" (w2)8(w — a2))), 


where 

jë = i(60"6* — OG) (9.92) 
is the Noether current identified in Eq. (2.16). As in Eq. (9.88), the correlation 
function denotes a time-ordered product with the derivative on j”#(x) placed 
outside the time-ordering symbol. Relation (9.91) is the classical conservation 
law plus contact terms, that is, the Schwinger-Dyson equation associated with 
current conservation. 

It is not much more difficult to discuss current conservation in more gen- 
eral situations. Consider a local field theory of a set of fields y,(x), governed 
by a Lagrangian Lọ]. An infinitesimal symmetry transformation on the fields 
Ya will be of the general form 


Pal) > Yalx) + eAya(z). (9.93) 


We assume that the action is invariant under this transformation. Then, as in 
Eq. (2.10), if the parameter e€ is taken to be a constant, the Lagrangian must 
be invariant up to a total divergence: 


Ly] — Llp] + 0,7". (9.94) 
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If the symmetry parameter e depends on z, as in the analysis of the previous 
paragraph, the variation of the Lagrangian will be slightly more complicated: 


OL 
Lle] > Lily] + (0,0) Aga + 0,75". 
[o] [ ] ( H ) (Ona) H 
Summation over the index a is understood. Then 
4 —_Ə 4h 
ZE fa z Lily + Ag] pj“ (x), (9.95) 
where j* is the Noether current of Eq. (2.12), 
OL 

jt = Aga — J". 9.96 
TOA (9.36) 


Using result (9.95) and carrying through the steps leading up to (9.91), we 
find the Schwinger-Dyson equation: 


(3j (a) palT )plT2)} = (i) ((Avga(#1)6(x — £1))py(x2) 
+ Pa(x1)(Ago(x2)6(x — 2))). 


A similar equation can be found for the correlator of Oj" with n fields y(x). 
These give the full set of Schwinger-Dyson equations associated with the clas- 
sical Noether theorem. 

As an example of the use of this variational procedure to obtain the 
Noether current, consider the symmetry of the Lagrangian with respect to 
spacetime translations. Under the transformation 


Pa Pat a” (2)OnPa (9.98) 


the Lagrangian transforms as 


(9.97) 


L > Oa" Ona +a” 0p L. 


OL 
O(O, Pa) 
The variation of [d*z £ with respect to a” then gives rise to the conservation 
equation for the energy-momentum tensor 0,74” = 0, with 

OL 
TH = pa — gh’ L, 9.99) 
O(OL Ya) ( 


in agreement with Eq. (2.17). 

The trick we have used in this section, that of considering a symmetry 
transformation whose parameter is a function of spacetime, is reminiscent 
of a technical feature of our earlier discussion introducing the Lagrangian 
of QED. In Eq. (4.6), we noted that the minimal coupling prescription for 
coupling the photon to charged fields produces a Lagrangian invariant not 
only under the global symmetry transformation with e constant, but also 
under a transformation in which the symmetry parameter depends on z. In 
Chapter 15, we will draw these two ideas together in a general discussion of 
field theories with local symmetries. 
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The Ward-Takahashi Identity 


As a final application of the methods of this section, let us derive the 
Schwinger-Dyson equations associated with the global symmetry of QED. 
Consider making, in the QED functional integral, the change of variables 


ylz) — (1+ iea(x)) W(x), (9.100) 


without the corresponding term in the transformation law for A, (which 
would make the Lagrangian invariant under the transformation). The QED 
Lagrangian (4.3) then transforms according to 


L — L -— eð apy. (9.101) 


The transformation (9.100) thus leads to the following identity for the func- 
tional integral over two fermion fields: 


0= [piDuva eiftize {- ife aðal) [jeee] 
+ (iea(z1)Y(21))Y(22) + Ha) iealza le) (9.102) 


with j” = eyyw. As in our other examples, an analogous equation holds for 
any number of fermion fields. 

To understand the implications of this set of equations, consider first the 
specific case (9.102). Dividing this relation by Z, we find 


: ið, (0I Tj" (eer v2) 10) = — teôle = 21) (O TYDE O 99 
: + ie6(a — x2) (0|Tw(21)b(w2) l0). 
To put this equation into a more familiar form, compute its Fourier transform 
by integrating: 


fh eth fan ete [aes eR ee (9.104) 


Then the amplitudes in (9.103) are converted to the amplitudes M (k; p; q) 
: and M(p;q) defined below (7.67) in our discussion of the Ward-Takahashi 
identity. Indeed, (9.103) falls directly into the form 


—ik M" (k; p; q) = —ieMo(p,q — k) + ieMo(p + k;q). (9.105) 


] This is exactly the Ward-Takahashi identity for two external fermions, which 
we derived diagrammatically in Section 7.4. It is not difficult to check that 
the more general relations involving n fermion fields lead to the general Ward- 
Takahashi identity presented in (7.68). Because of this relation, the formula 
(9.97) associated with the arbitrary symmetry (9.93) is usually also referred 
to as a Ward-Takahashi identity, the one associated with the symmetry and 
its Noether current. 


ee 
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We have now arrived at a more general understanding of the terms on the 
right-hand side of the Ward-Takahashi identity. These are the contact terms 
that we now expect to find when we convert classical equations of motion 
to Schwinger-Dyson equations for quantum Green’s functions. The functional 
integral formalism allows a simple and elegant derivation of these quantum- 
mechanical terms. 


Problems 


9.1 Scalar QED. This problem concerns the theory of a complex scalar field ¢ 
interacting with the seetrongnee field A“. The Lagrangian is 


L=—4Fi, + (Duo) (DEA) — m*9*¢, 
where D, = 0, + ieA, is the usual gauge-covariant derivative. 
t 


(a) Use the functional method of Section 9.2 to show that the propagator of the 
complex scalar field is the same as that of a real field: 


i 


=---{---_- Durs S 
2 — m + ie 


p p 
Also derive the Feynman rules for the interactions between photons and scalar 
particles; you should find 


\ H V 


i 
p 
PLY pu = ielp + p)"; Qo = Lier gt”, 


/ “oN 


pad ma S.. 


(b) Compute, to lowest order, the differential cross section for ete™ — oo*. Ignore 
the electron mass (but not the scalar particle’s mass), and average over the 
electron and positron polarizations. Find the asymptotic angular dependence 
and total cross section. Compare your results to the corresponding formulae for 
eteT > putu 

(c) Compute the contribution of the charged scalar to the photon vacuum polar- 
ization, using dimensional regularization. Note that there are two diagrams. To 
put the answer into the expected form, 


DE” (4?) = (gg? — gga’), 
it is useful to add the two diagrams at the beginning, putting both terms over 
a common denominator before introducing a Feynman parameter. Show that, 
for —q? > m?, the charged boson contribution to TI(q?) is exactly 1/4 that of a 
virtual electron-positron pair. 
9.2 Quantum statistical mechanics. 


(a) Evaluate the quantum statistical partition function 


Z= tr[e72#] 


(b) 


(c) 


(d) 
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(where 8 = 1/kT) using the strategy of Section 9.1 for evaluating the matrix 
elements of e~*/7* in terms of functional integrals. Show that one again finds a 
functional integral, over functions defined on a domain that is of length 8 and 
periodically connected in the time direction. Note that the Euclidean form of 
the Lagrangian appears in the weight. 


Evaluate this integral for a simple harmonic oscillator, 


1,2 2,2 
Lp = 5% +o a’, 


by introducing a Fourier decomposition of x(t): 


a(t) = 2 Tn- ens, 


The dependence of the result on 8 is a bit subtle to obtain explicitly, since the 
measure for the integral over x(t) depends on ( in any discretization. However, 
the dependence on w should be unambiguous. Show that, up to a (possibly di- 
vergent and 6-dependent) constant, the integral reproduces exactly the familiar 
expression for the quantum partition function of an oscillator. [You may find the 
identity 


CO 


z2? 
sinh z = z- TG aa) 
n= 


useful] 


Generalize this construction to field theory. Show that the quantum statistical 
partition function for a free scalar field can be written in terms of a functional 
integral. The value of this integral is given formally by 


-1/2 
[aet(-0? +m?) ; 


where the operator acts on functions on Euclidean space that are periodic in the 
time direction with periodicity 8. As before, the 8 dependence of this expression 
is difficult to compute directly. However, the dependence on m? is unambiguous. 
(More generally, one can usually evaluate the variation of a functional determi- 
nant with respect to any explicit parameter in the Lagrangian.) Show that the 
determinant indeed reproduces the partition function for relativistic scalar par- 
ticles. 


Now let w(t), w(t) be two Grassmann-valued coordinates, and define a fermionic 
oscillator by writing the Lagrangian 


Lp = ph + wp. 
This Lagrangian corresponds to the Hamiltonian 
H=wpp, with {%, Y} = 1; 


that is, to a simple two-level system. Evaluate the functional integral, assuming 
that the fermions obey antiperiodic boundary conditions: y(t + 8) = —w(t). 
(Why is this reasonable?) Show that the result reproduces the partition function 
of a quantum-mechanical two-level system, that is, of a quantum state with Fermi 
statistics. 
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(e) Define the partition function for the photon field as the gauge-invariant func- 


tional integral 
Z = [ra exo(- fi) 


over vector fields A,, that are periodic in the time direction with period 8. 
Apply the gauge-fixing procedure discussed in Section 9.4 (working, for example, 
in Feynman gauge). Evaluate the functional determinants using the result of 
part (c) and show that the functional integral does give the correct. quantum 
statistical result (including the correct counting of polarization states). 


Chapter 10 


Systematics of Renormalization 


While computing radiative corrections in Chapters 6 and 7, we encountered 
three QED diagrams with ultraviolet divergences: 


A O Ud 


In each case we saw that the divergence could be regulated and canceled, 
yielding finite expressions for measurable quantities. In Chapter 8, we pointed 
out that such ultraviolet divergences occur commonly and, in fact, naturally 
in quantum field theory calculations. We sketched a physical interpretation of 
these divergences, with implications both in quantum field theory and in the 
statistical theory of phase transitions. In the next few chapters, we will convert 
this sketchy picture into a quantitative theory that allows precise calculations. 

In this chapter, we begin this study by developing a classification of the 
ultraviolet divergences that can appear in a quantum field theory. Rather than 
stumbling across these divergences one by one and repairing them case by case, 
we now set out to determine once and for all which diagrams are divergent, 
and in which theories these divergences can be eliminated systematically. As 
examples we will consider both QED and scalar field theories. 


10.1 Counting of Ultraviolet Divergences 


In this section we will use elementary arguments to determine, tentatively, 
when a Feynman diagram contains an ultraviolet divergence. We begin by 
analyzing quantum electrodynamics. 

First we introduce the following notation, to characterize a typical dia- 
gram in QED: 


= number of external electron lines; 


= number of external photon lines; 


DZS 


= number of electron propagators; 
P, = number of photon propagators; 
V = number of vertices; 


L = number of loops. 
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(This analysis applies to correlation functions as well as scattering amplitudes. 
In the former case, propagators that are connected to external points should 
be counted as external lines, not as propagators. ) 

The expression corresponding to a typical diagram looks like this: 


~f d'ky dtky---d*ky 
(Ki = me) «++ (Rs) 2) 


For each loop there is a potentially divergent 4-+momentum integral, but each 
propagator aids the convergence of this integral by putting one or two pow- 
ers of momentum into the denominator. Very roughly speaking, the diagram 
diverges unless there are more powers of momentum in the denominator than 
in the numerator. Let us therefore define the superficial degree of divergence, 
D, as the difference: 


D = (power of k in numerator) — (power of k in denominator) 


(10.1) 
= 41 — P, — 2P. 


Naively, we expect a diagram to have a divergence proportional to AP, where 
A is a momentum cutoff, when D > 0. We expect a divergence of the form 
log A when D = 0, and no divergence when D < 0. 

This naive expectation is often wrong, for one of three reasons (see 
Fig. 10.1). When a diagram contains a divergent subdiagram, its actual di- 
vergence may be worse than that indicated by D. When symmetries (such 
as the Ward identity) cause certain terms to cancel, the divergence of a dia- 
gram may be reduced or even eliminated. Finally, a trivial diagram with no 
propagators and no loops has D = 0 but no divergence. 

Despite all of these complications, D is still a useful quantity. To see why, 
let us rewrite it in terms of the number of external lines (Ne, Ny) and vertices 
(V). Note that the number of loop integrations in a diagram is 


L=P.+P,-V+1, (10.2) 


since in our original Feynman rules each propagator has a momentum integral, 
each vertex has a delta function, and one delta function merely enforces overall 
momentum conservation. Furthermore, the number of vertices is 


V =2P,+N,=1(2P,+N,), (10.3) 


since each vertex involves exactly one photon line and two electron lines. (The 
propagators count twice since they have two ends on vertices.) Putting these 
relations together, we find that D can be expressed as 


D=A4(P.+ P,-V+1)—P. —2P, 


10.4 
=4-—N, =- Ne, (10.4) 


10.1 Counting of Ultraviolet Divergences 317 
D=0 finite 
D=0 ~log A 


ye 

= 

"OS D=? ~log A 
On D=-2 migā 
x 


D = -2 finite 


Figure 10.1. Some simple QED diagrams that illustrate the superficial de- 
gree of divergence. The first diagram is finite, even though D = 0. The third 
diagram has D = 2 but only a logarithmic divergence, due to the Ward iden- 
tity (see Section 7.5). The fourth diagram diverges, even though D < 0, since 
it contains a divergent subdiagram. Only in the second and fifth diagrams 
does the superficial degree of divergence coincide with the actual degree of 
divergence. 


independent of the number of vertices. The superficial degree of divergence of 
a QED diagram depends only on the number of external legs of each type. 

According to result (10.4), only diagrams with a small number of external 
legs have D > 0; those seven types of diagrams are shown in Fig. 10.2. Since 
external legs do not enter the potentially divergent integral, we can restrict our 
attention to amputated diagrams. We can also restrict our attention to one- 
particle-irreducible diagrams, since reducible diagrams are simple products 
of the integrals corresponding to their irreducible parts. Thus the task of 
enumerating all of the divergent QED diagrams reduces to that of analyzing 
the seven types of amputated, one-particle-irreducible amplitudes shown in 
Fig. 10.2. Other diagrams may diverge, but only when they contain one of 
these seven as a subdiagram. Let us therefore consider each of these seven 
amplitudes in turn. 

The zero-point function, Fig. 10.2a, is very badly divergent. But this ob- 
ject merely causes an unobservable shift of the vacuum energy; it never con- 
tributes to S-matrix elements. 

To analyze the photon one-point function (Fig. 10.2b), note that the ex- 
ternal photon must be attached to a QED vertex. Neglecting the external 
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(a) D=4 (b) D=3 
(c) D=2 (d) O~ D=i 
(e) D=0 (£ D=1 


Figure 10.2. The seven QED amplitudes whose superficial degree of di- 
vergence (D) is > 0. (Each circle represents the sum of all possible QED 
diagrams.) As explained in the text, amplitude (a) is irrelevant to scattering 
processes, while amplitudes (b) and (d) vanish because of symmetries. Am- 
plitude (e) is nonzero, but its divergent parts cancel due to the Ward identity. 
The remaining amplitudes (c, f, and g) are all logarithmically divergent, even 
though D > 0 for (c) and (f). 


photon propagator, this amplitude is therefore 


= ~ie [as eT (OJT ja(2) |Q), (10.5) 


where j“ = yyy is the electromagnetic current operator. But the vacuum 
expectation value of j* must vanish by Lorentz invariance, since otherwise it 
would be a preferred 4-vector. 

The photon one-point function also vanishes for a second reason: charge- 
conjugation invariance. Recall that C is a symmetry of QED, so C |9) = |Q). 
But j” (x) changes sign under charge conjugation, Cj"(x)Ct = —j#(z), so its 
vacuum expectation value must vanish: 


(OATI (æ) |) = (Y CICI“ CTE |Q) = — (A Tje) |9) =0. 


The same argument applies to any vacuum expectation value of an odd num- 
ber of electromagnetic currents. In particular, the photon three-point function, 
Fig. 10.2d, vanishes. (This result is known as Furry’s theorem.) It is not hard 
to check explicitly that the photon one- and three-point functions vanish in 
the leading order of perturbation theory (see Problem 10.1). 

The remaining amplitudes in Fig. 10.2 are all nonzero, so we must analyze 
their structures in more detail. Consider, for example, the electron self-energy 
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(Fig. 10.2f). This amplitude is a function of the electron momentum p, so let 
us expand it in a Taylor series about p = 0: 


where each coefficient is independent of p: 


nar ( FE), 5 


(These coefficients are infrared divergent; to compute them explicitly we would 
need an infrared regulator, as in Chapter 6.) The diagrams contributing to the 
electron self-energy depend on p through the denominators of propagators. 
To compute the coefficients A,, we differentiate these propagators, giving 
expressions like 


d ( 1 ) 1 

dp\ +yp—m (K+ p = m)? 
That is, each derivative with respect to the external momentum p lowers the 
superficial degree of divergence by 1. Since the constant term Ag has (su- 
perficially) a linear divergence, A, can have only a logarithmic divergence; 
all the remaining A, are finite. (This argument breaks down when the di- 
vergence is in a subdiagram, since then not all propagators involve the large 
momentum k. We will face this problem in Section 10.4.) 

The electron self-energy amplitude has one additional subtlety. If the con- 
stant term Ag were proportional to A (the ultraviolet cutoff), the electron mass 
shift would, according to the analysis in Section 7.1, also have a term propor- 
tional to A. But the electron mass shift must actually be proportional to m, 
since chiral symmetry would forbid a mass shift if m were zero. At worst, the 
constant term can be proportional mlog A. We therefore expect the entire 
self-energy amplitude to have the form 


= aom log A + ay log A + (finite terms), (10.6) 


exactly what we found for the term of order & in Eq. (7.19). 

Let us analyze the exact electron-photon vertex, Fig. 10.2g, in the same 
way. (Again we implicitly assume that infrared divergences have been regu- 
lated.) Expanding in powers of the three external momenta, we immediately 
see that only the constant term is divergent, since differentiating with respect 
to any external momentum would lower the degree of divergence to —1. This 
amplitude therefore contains only one divergent constant: 


H 


x —iey" log A + finite terms. (10.7) 
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As discussed in Section 7.5, the photon self energy (Fig. 10.2c) is con- 
strained by the Ward identity to have the form 


m ery = (gg? — qqa’). (10.8) 


Viewing this expression as a Taylor series in q, we see that the constant and 
linear terms both vanish, lowering the superficial degree of divergence from 
2 to 0. The only divergence, therefore, is in the constant term of II(q?), and 
this divergence is only logarithmic. This result is exactly what we found for 
the lowest-order contribution to II(q?) in Eq. (7.90). 

Finally, consider the photon-photon scattering amplitude, Fig. 10.2e. The 
Ward identity requires that if we replace any external photon by its momen- 
tum vector, the amplitude vanishes: 


u v 


k" o) =0. (10.9) 


p a 


By exhaustion one can show that this condition is satisfied only if the ampli- 
tude is proportional to (g#”k7 — g”7 k”), with a similar factor for each of the 
other three legs. Each of these factors involves one power of momentum, so 
all terms with less than four powers of momentum in the Taylor series of this 
amplitude must vanish. The first nonvanishing term has D = 0—4 = —4, and 
therefore this amplitude is finite. 

In summary, we have found that there are only three “primitively” di- 
vergent amplitudes in QED: the three that we already found in Chapters 6 
and 7. (Other amplitudes may also be divergent, but only because of dia- 
grams that contain these primitive amplitudes as components.) Furthermore, 
the dependence of these divergent amplitudes on external momenta is ex- 
tremely simple. If we expand each amplitude as a power series in its external 
momenta, there are altogether only four divergent coefficients in the expan- 
sions. In other words, QED contains only four divergent numbers. In the next 
section we will see how these numbers can be absorbed into unobservable 
Lagrangian parameters, so that observable scattering amplitudes are always 
finite. 

For the remainder of this section, let us try to understand the superficial 
degree of divergence from a more general viewpoint. The theory of QED in 
four spacetime dimensions is rather special, so let us first generalize to QED 
in d dimensions. In this case, D is given by 


D =dL ~ P, -2P,, (10.10) 


since each loop contributes a d-dimensional momentum integral. Relations 
(10.2) and (10.3) still hold, so we can again rewrite D in terms of V, Ne, 
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and N.,. This time the result is 


d—4 d—2 d—1 
D=d4 ( - )v ( 5 JN ( - ) Ne- (10.11) 
The cancellation of V in this expression is special to the case d = 4. For d < 4, 
diagrams with more vertices have a lower degree of divergence, so the total 
number of divergent diagrams is finite. For d > 4, diagrams with more vertices 
have a higher degree of divergence, so every amplitude becomes superficially 
divergent at a sufficiently high order in perturbation theory. 

These three possible types of ultraviolet behavior will also occur in other 
quantum field theories. We will refer to them as follows: 


Super-Renormalizable theory: Only a finite number of Feynman 
diagrams superficially diverge. 


Renormalizable theory: Only a finite number of amplitudes 
superficially diverge; however, diver- 
gences occur at all orders in perturba- 
tion theory. 


Non-Renormalizable theory: All amplitudes are divergent at a 
sufficiently high order in perturbation 
theory. 


Using this nomenclature, we would say that QED is renormalizable in four 
dimensions, super-renormalizable in less than four dimensions, and non- 
renormalizable in more than four dimensions. 

These superficial criteria give a correct picture of the true divergence 
structure of the theory for most cases that have been studied in detail. Exam- 
ples are known in which the true behavior is better than this picture suggests, 
when powerful symmetries set to zero some or all of the superficially divergent 
amplitudes.* On the other hand, as we will explain in Section 10.4, it is always 
true that the divergences of superficially renormalizable theories can be ab- 
sorbed into a finite number of Lagrangian parameters. For theories containing 
fields of spin 1 and higher, loop diagrams can produce additional problems, 
including violation of unitarity; we will discuss this difficulty in Chapter 16. 

As another example of the counting of ultraviolet divergences, consider a 
pure scalar field theory, in d dimensions, with a ¢” interaction term: 


L= 5(0,0) sme? “or (10.12) 


Let N be the number of external lines in a diagram, P the number of prop- 
agators, and V the number of vertices. The number of loops in a diagram is 
L= P- V +1. There are n lines meeting at each vertex, so nV = N + 2P. 


*Some exotic four-dimensional field theories are actually free of divergences; see, 
for example, the article by P. West in Shelter Island I, R. Jackiw, N. N. Khuri, S. 
Weinberg, and E. Witten, eds. (MIT Press, Cambridge, 1985). 
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Combining these relations, we find that the superficial degree of divergence of 
a diagram is 
D = dL — 2P 


=d4 h(E) a|v (Syn. (10.13) 


In four dimensions a ¢* coupling is renormalizable, while higher powers of 
¢ are non-renormalizable. In three dimensions a ¢° coupling becomes renor- 
malizable, while ¢* is super-renormalizable. In two spacetime dimensions any 
coupling of the form ¢” is super-renormalizable. 

Expression (10.13) can also be derived in a somewhat different way, from 
dimensional analysis. In any quantum field theory, the action S = f dêr L 
must be dimensionless, since we work in units where A = 1. In this system of 
units, the integral dfx has units (mass)~%, and so the Lagrangian has units 
(mass). Since all units can be expressed as powers of mass, it is unambiguous 
to say simply that the Lagrangian has “dimension d”. Using this result, we 
can infer from the explicit form of (10.12) the dimensions of the field ¢ and the 
coupling constant À. From the kinetic term in £ we see that ¢ has dimension 
(d—2)/2. Note that the parameter m consistently has dimensions of mass. 
From the interaction term and the dimension of ¢, we infer that the A has 
dimension d — n(d—2)/2. 

Now consider an arbitrary diagram with N external lines. One way that 
such a diagram could arise is from an interaction term 7% in the Lagrangian. 
The dimension of 7 would then be d — N(d—2)/2, and therefore we con- 
clude that any (amputated) diagram with N external lines has dimension 
d — N(d—2)/2. In our theory with only the A¢” vertex, if the diagram has 
V vertices, its divergent part is proportional to \Y A”, where A is a high- 
momentum cutoff and D is the superficial degree of divergence. (This is the 
“generic” case; all the exceptions noted above also apply here.) Applying di- 
mensional analysis, we find 


d—2 d—2 
a-N()=Vle-n()] +2, 
in agreement with (10.13). 

Note that the quantity that multiplies V in this expression is just the 
dimension of the coupling constant ». This analysis can be carried out for 
QED and other field theories, with the same result. Thus we can characterize 
the three degrees of renormalizability in a second way: 


Super-Renormalizable: Coupling constant has positive mass dimen- 
sion. 


Renormalizable: Coupling constant is dimensionless. 


Non-Renormalizable: Coupling constant has negative mass dimen- 
sion. 
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This is exactly the conclusion that we stated without proof in Section 4.1. In 
QED, the coupling constant e is dimensionless; thus QED is (at least super- 
ficially) renormalizable. 


10.2 Renormalized Perturbation Theory 


In the previous section we saw that a renormalizable quantum field theory con- 
tains only a small number of superficially divergent amplitudes. In QED, for 
example, there are three such amplitudes, containing four infinite constants. 
In Chapters 6 and 7 these infinities disappeared by the end of our compu- 
tations: The infinity in the vertex correction diagram was canceled by the 
electron field-strength renormalization, while the infinity in the vacuum po- 
larization diagram caused only an unobservable shift of the electron’s charge. 
In fact, it is generally true that the divergences in a renormalizable quantum 
field theory never show up in observable quantities. 

To obtain a finite result for an amplitude involving divergent diagrams, 
we have so far used the following procedure: Compute the diagrams using a 
regulator, to obtain an expression that depends on the bare mass (mp), the 
bare coupling constant (eo), and some ultraviolet cutoff (A). Then compute the 
physical mass (m) and the physical coupling constant (e), to whatever order 
is consistent with the rest of the calculation; these quantities will also depend 
on Mo, €o, and A. To calculate an S-matrix element (rather than a correlation 
function), one must also compute the field-strength renormalization(s) Z (in 
accord with Eq. (7.45)). Combining all of these expressions, eliminate mg 
and eg in favor of m and e; this step is the “renormalization”. The resulting 
expression for the amplitude should be finite in the limit A > oo. 

The above procedure always works in a renormalizable quantum field 
theory. However, it can often be cumbersome, especially at higher orders in 
perturbation theory. In this section we will develop an alternative procedure 
which works more automatically. We will do this first for 64 theory, returning 
to QED in the next section. 

The Lagrangian of ¢* theory is 


1 
sme 


Ao 
4! 


£= 518.6)" g. 


We now write mo and ào, to emphasize that these are the bare values of the 
mass and coupling constant, not the values measured in experiments. 

The superficial degree of divergence of a diagram with N external legs is, 
according to (10.13), 


D=4-N. 


Since the theory is invariant under ọ¢ — —4@, all amplitudes with an odd 


324 Chapter 10 Systematics of Renormalization 


number of external legs vanish. The only divergent amplitudes are therefore 


bj 


LER. 
H3 (unobservable vacuum energy shift); 


~A? + p? log A + (finite terms); 


~ log A + (finite terms). 


Ignoring the vacuum diagram, these amplitudes contain three infinite con- 
stants. Our goal is to absorb these constants into the three unobservable pa- 
rameters of the theory: the bare mass, the bare coupling constant, and the 
field strength. To accomplish this goal, it is convenient to reformulate the 
perturbation expansion so that these unobservable quantities do not appear 
explicitly in the Feynman rules. 

First we will eliminate the shift in the field strength. Recall from Sec- 
tion 7.1 that the exact two-point function has the form 

A ipæ __ iZ 2 2 
fe x (Q| To(x)G(0) |Q) e”? = Pom + (terms regular at p° = m°), 
(10.14) 

where m is the physical mass. We can eliminate the awkward residue Z from 
this equation by rescaling the field: 


b= Z? or. (10.15) 
This transformation changes the values of correlation functions by a factor 
of Z—1/? for each field. Thus, in computing S-matrix elements, we no longer 


need the factors of Z in Eq. (7.45); a scattering amplitude is simply the sum 
of all connected, amputated diagrams, exactly as we originally guessed in 


Eq. (4.103). 
The Lagrangian is much uglier after the rescaling: 
1 1 À 
L= 52(Oudbr)” -3mo Z O (10.16) 


The bare mass and coupling constant still appear in £, but they can be elim- 
inated as follows. Define 


6z=Z-1, bm=meZ—-m?, =Z? -À, (10.17) 


where m and À are the physically measured mass and coupling constant. Then 
the Lagrangian becomes 


2” Pr ~ Ayr 
le 2 ON 4 


N (10.18) 
+ 562(AnGr)? -imt Or 
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i 


p = p? — m? + ie 
xX -i 
—8— = i(p’dz — ôm) 


Figure 10.3. Feynman rules for ¢* theory in renormalized perturbation 
theory. 


The first line now looks like the familiar ¢4-theory Lagrangian, but is written 
in terms of the physical mass and coupling. The terms in the second line, 
known as counterterms, have absorbed the infinite but unobservable shifts 
between the bare parameters and the physical parameters. It is tempting to 
say that we have “added” these counterterms to the Lagrangian, but in fact 
we have merely split each term in (10.16) into two pieces. 

The definitions in (10.17) are not useful unless we give precise definitions 
of the physical mass and coupling constant. Equation (10.14) defines m? as the 
location of the pole in the propagator. There is no obviously best definition 
of A, but a perfectly good definition would be obtained by setting A equal to 
the magnitude of the scattering amplitude at zero momentum. Thus we have 
the two defining relations, 


CA =" +4 (terms regular at p? = m?); 


ey Pome 


=-iA at s=4m?,t=u=0. (10.19) 
amputated 


These equations are called renormalization conditions. (The first equation 
actually contains two conditions, specifying both the location of the pole and 
its residue.) 

Our new Lagrangian, Eq. (10.18), gives a new set of Feynman rules, shown 
in Fig. 10.3. The propagator and the first vertex come from the first line of 
(10.18), and are identical to the old rules except for the appearance of the 
physical mass and coupling in place of the bare values. The counterterms in 
the second line of (10.18) give two new vertices (also called counterterms). 

We can use these new Feynman rules to compute any amplitude in ¢* 
theory. The procedure is as follows. Compute the desired amplitude as the 
sum of all possible diagrams created from the propagator and vertices shown 
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in Fig. 10.3. The loop integrals in the diagrams will often diverge, so one 
must introduce a regulator. The result of this computation will be a function 
of the three unknown parameters 6z, ôm, and 6,. Adjust (or “renormalize”) 
these three parameters as necessary to maintain the renormalization condi- 
tions (10.19). After this adjustment, the expression for the amplitude should 
be finite and independent of the regulator. 

This procedure, using Feynman rules with counterterms, is known as 
renormalized perturbation theory. It should be contrasted with the procedure 
we used in Part 1, outlined at the beginning of this section, which is called 
bare perturbation theory (since the Feynman rules involve the bare mass and 
coupling constant). The two methods are completely equivalent. The differ- 
ences between them are purely a matter of bookkeeping. You will get the 
same answers using either procedure, so you may choose whichever you find 
more convenient. In general, renormalized perturbation theory is technically 
easier to use, especially for multiloop diagrams; however, bare perturbation 
theory is sometimes easier for complicated one-loop calculations. We will use 
renormalized perturbation theory in most of the rest of this book. 


One-Loop Structure of ¢+ Theory 


To make more sense of the renormalization procedure, let us carry it out 
explicitly at the one-loop level. 
First consider the basic two-particle scattering amplitude, 


P3 Pa 


iM(p1p2 > p3p4) = ER 


Pi p2 


-X+ (T OA 


If we define p = pı + p2, then the second diagram is 


, , E car y dk i i 
+P ~ 2 (27)4 k? — m? (k + p}? — m? 
tp 


= (-id)? -iV (p°). (10.20) 


Note that p? is equal to the Mandelstam variable s. The next two diagrams 
are identical, except that s will be replaced by ¢ and u. The entire amplitude 
is therefore 


iM = ià + (-id)? [iV (s) + iV (t) + iV (u)] ~ 16). (10.21) 


According to our renormalization condition (10.19), this amplitude should 
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equal —i\ at s = 4m? and t = u = 0. We must therefore set 
6, = —\*[V (4m?) + 2V(0)]. (10.22) 


(At higher orders, 6) will receive additional contributions.) 

We can compute V(p) explicitly using dimensional regularization. The 
procedure is exactly the same as in Section 7.5: Introduce a Feynman param- 
eter, shift the integration variable, rotate to Euclidean space, and perform the 
momentum integral. We obtain 


d 
v=; fa JE 1 
2 [k? + 2xk - p + xp? — m?] 


ave 1 
-sfe [Eo 3 (£= k+ zp) 
2 °? [e +z(1- z)p? — m?| 


d?l 1 . 
~ 2 fe fi r)i] 2 2 21? (th = il) 
— 2(1—x)p? + m?| 


1 f, T(2-4) 1 
= Je 


d/2 2-4/2 
2 J (41) 4/ [m? — 2(1—a2)p?| / 


1 
d>œ4 32r? 


Jeg y + log(4r) — log [m? — z(1-2)p?]), (10.23) 
0 


where e = 4 — d. The shift in the coupling constant (10.22) is therefore 


A? T(2-§) l 2 
= > ami? J iol S a(1 a)4m? a t man) 


1 

A? 6 2 2 2 

T aa Joe 3y + 3log(4r) — log{m?—2(1—2)4m*] — 2log|m \). 
0 


(10.24) 


These expressions are divergent as d — 4. But if we combine them according 
o (10.21), we obtain the finite (if rather complicated) result, 


. . id? m?—x(1—x)s m?—x(1—x)t 
iM = id — 3272 [us oe ( eo) + log( m? ) 
0 


! lo). (10.25) 
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To determine é6z and óm we must compute the two-point function. As in 
Section 7.2, let us define —iM?(p7) as the sum of all one-particle-irreducible 
insertions into the propagator: 


= ~iM?(p?). (10.26) 


Then the full two-point function is given by the geometric series, 


+ AP) + PHP + o 


a 
= . 10. 
Pm? Me) (1027) 


The renormalization conditions (10.19) require that the pole in this full prop- 
agator occur at p? = m? and have residue 1. These two conditions are equiv- 
alent, respectively, to 


d 
M?(p*)| =0 and 


p?=m2 qe o] =0. (10.28) 


p2=m?2 


(To check the latter condition, expand M? about p? = m? in Eq. (10.27).) 
Explicitly, to one-loop order, 


-iM*(p*) = ( ) + —8— 
~ 1 dtk i 9 
ià. 5 Si ee + i(pdz — bm) 


iÀ 1 T(1-4) 
2 (47)4/2 (m?)1-4/2 


+ i(p?6z — ôm). (10.29) 


Since the first term is independent of p°, the result is rather trivial: Settin 
; g 


à  T(~$) 


6z =0 and bm = 2(4n)4/2 (m2)1-4/2 


(10.30) 


yields M?(p) = 0 for all p?, satisfying both of the conditions in (10.28). 
The first nonzero contributions to M?(p”) and 6z are proportional to 22, 
coming from the diagrams 


(> + + —Q&— (10.31) 


The second diagram contains the 6, counterterm, which we have already com- 
puted. It cancels ultraviolet divergences in the first diagram that occur when 
one of the loop momenta is large and the other is small. The third diagram 
is again the (p?6z — m) counterterm, and is fixed to order A? by requiring 
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that the remaining divergences (when both loop momenta become large) can- 
cel. In Section 10.4 we will see an explicit. example of the interplay of various 
counterterms in a two-loop calculation. 

The vanishing of êz at one-loop order is a special feature of ¢* theory, 
which does not occur in more general theories of scalar fields. The Yukawa the- 
ory described in Section 4.7 gives an explicit example of a one-loop correction 
for which this counterterm is required. 

In the Yukawa theory, the scalar field propagator receives corrections at 
order g? from a fermion loop diagram and the two propagator counterterms. 
Using the Feynman rules on p. 118 to compute the loop diagram, we find 


~iM?(p*) = -< --- + ---®--- 
rQ; 


. dîk i mr)i m . 
l wo | r)? koa ETI) 4 ape — bn) 
_ gof d'k k- (p+ k) +m 

= Jer ((p+k)? — m4) (k? — m5) 


| i(p*5z — ôm), (10.32) 


where my is the mass of the fermion that couples to the Yukawa field. To 
evaluate the integral, combine denominators and shift as in Eq. (10.23). Then 
the first term in the last line becomes 


dp g — a(1- + 
oas fac [ eat 
(£ 
1 


2 + a(1—ax)p? - mý’ 


a bap i (80-9) _ATE-8) 
g T (4nd? \ A1792 A2—4/2 
0 


_ 4ig?(d—1) f, TO=) 
(47)4/2 Al=d/2? 
0 


(10.33) 


where A = mý — a(1—2)p?. 

Now we can see that both of the counterterms ôm and 6z must take 
nonzero values in order to satisfy the renormalization conditions (10.28). To 
determine êm, we subtract the value of the loop diagram at p? = m? as before, 


so that 
1 


d 
r(1-5) Lane 
s m a ferg 1 amj * még. (10.34) 
0 


To determine 6z, we cancel also the first derivative with respect to p? of the 
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loop integral (10.33). This gives 


1 
by = 4g?(d-1) da a(1—x)T (2—4) 
(41)4/2 J [m3 — x(1—2)m?]2-4/72 
_ 39? d 1 2 2 + logl4 — log {m? — x(1- 2) 
d4 4r? va(1—2) e 2 31 8 T) — log|ms — x(1—a)m*| }. 


0 
(10.35) 
Thus, in Yukawa theory, the propagator corrections at one-loop order require 
a quadratically divergent mass renormalization and a logarithmically diver- 
gent field strength renormalization. This is the usual situation in scalar field 
theories. 


10.3 Renormalization of Quantum Electrodynamics 


The procedure we followed in the previous section, yielding a “renormalized” 
perturbation theory formulated in terms of physically measurable parameters, 
can be summarized as follows: 
1. Absorb the field-strength renormalizations into the Lagrangian by rescal- 
ing the fields. 
2. Split each term of the Lagrangian into two pieces, absorbing the infinite 
and unobservable shifts into counterterms. 
3. Specify the renormalization conditions, which define the physical masses 
and coupling constants and keep the field-strength renormalizations equal 
to 1. 
4. Compute amplitudes with the new Feynman rules, adjusting the counter- 
terms as necessary to maintain the renormalization conditions. 
Let us now use this procedure to construct a renormalized perturbation theory 
for Quantum Electrodynamics. 
The original QED Lagrangian is 


L = —4 (Fur)? + Ud — moy — eobyvAy. 


Computing the electron and photon propagators with this Lagrangian, we 
would find expressions of the general form 


D iZ —1Z39 uv 
p-m q 


(We found just such expressions in the explicit one-loop calculations of Chap- 
ter 7.) To absorb Z2 and Z3 into £, and hence eliminate them from formula 
(7.45) for the S-matrix, we substitute w = Zyl be and At = Za! AB, Then 


the Lagrangian becomes 


L=-425(FH)? + Zap, (ið — mo)vy — e0224 P, y Amy. (10.36) 


10.3 Renormalization of Quantum Electrodynamics 331 


We can introduce the physical electric charge e, measured at large distances 
(q = 0), by defining a scaling factor Z, as follows:? 


eo Zn Zh!” = eZ). (10.37) 


If we let m be the physical mass (the location of the pole in the electron 
propagator), then we can split each term of the Lagrangian into two pieces as 
follows: 


L=—3( FRY)? + 0,19 — myo, — ep, br Ary 


_ _ (10.38) 
= 1 (Fe)? + w,.(462 0 ~~ bm) Wr ~ £610. Wr Ary, 


where 
63 = Z3 —1, 69 = Zy—1, 
m = Z2Mmo — M, and 6) = Zı — 1 = (eo/e)ZoZ3"? — 1. 


The Feynman rules for renormalized QED are shown in Fig. 10.4. In 
addition to the familiar propagators and vertex, there are three counterterm 
vertices. The ee and eey counterterm vertices can be read directly from the La- 
grangian (10.38). To derive the two-photon counterterm, integrate —4 (Fp)? 
by parts to obtain -4 A (0? gh” +818”) A,r; this gives the expression shown 
in the figure. In the remainder of the book, when we set up renormalized per- 
turbation theory, we will drop the subscript r used here to distinguish the 
rescaled fields. 

Each of the four counterterm coefficients must be fixed by a renormaliza- 
tion condition. The four conditions that we require have already been stated 
implicitly: Two of them fix the electron and photon field-strength renormal- 
izations to 1, while the other two define the physical electron mass and charge. 
To write these conditions more explicitly, recall our notation from Chapters 


6 and 7: 
nPI = iI” (q) = i(g” g? — gq" IN(q?), 
= —i£(p), (10.39) 
= —iel(p’, p). 


amputated 


tSince we define e by the renormalization condition T#(q = 0) = y#, the factor 
of Zi in the Lagrangian must cancel the multiplicative correction factor that arises 
from loop corrections. Therefore this definition of Z is equivalent to that given in 
Eq. (7.47). 
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v — —t9 av 
wee =ar (Feynman gauge) 
a 
a — 
p p-m+ie 
u 
= —tey"! 
Uren = ilga — gq”) bs 
9 = i(pb2 — bm) 
u 
= —iey“ 


Figure 10.4. Feynman rules for Quantum Electrodynamics in renormalized 
perturbation theory. 


These amplitudes are now to be computed in renormalized perturbation the- 
ory; that is, we are now redefining II(q?), E(p), and T(p', p) to include coun- 
terterm vertices. Furthermore, the new definition of I involves the physical 
electron charge. With this notation, the four conditions are 


X(p = m) = 0; 

xp] =o; 

dp pom (10.40) 
II(q’ = 0) = 0; 


—ieI"(p' — p = 0) = —-iey". 


The first condition fixes the electron mass at m, while the next two fix the 
residues of the electron and photon propagators at 1. Given these conditions, 
the final condition fixes the electron charge to be e. 


One-Loop Structure of QED 


The four conditions (10.40) allow us to determine the four countertems in 
(10.38) in terms of the values of loop diagrams. In Chapters 6 and 7 we com- 
puted all of the diagrams required to carry out this determination to one-loop 
order. We will now collect these results and find explicit expressions for the 
renormalization constants of QED to order a. For overall consistency, we will 
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use dimensional regularization to control ultraviolet divergences, and a pho- 
ton mass u to control infrared divergences. In Part I, we computed the vertex 
and self-energy diagrams using the Pauli-Villars regularization scheme, before 
introducing dimensional regularization. Now we have an opportunity to quote 
the values of these diagrams as computed with dimensional regularization. 

The first two conditions involve the electron self-energy. We evaluated 
the one-loop diagram contributing to D(p), using a Pauli-Villars regulator, in 
Section 7.1; the result is given in Eq. (7.19). If we re-evaluate the diagram 
in dimensional regularization, we find some additional terms in the Dirac 
algebra from the modified contraction identities (7.89). Taking these terms 
into account, we find for this diagram (e = 4 — d) 


1 


. e r(2-3) 
Pal?) = irp J Ona)? fap? (1 p TA 
x ((4—e)m — (2—€)xp). (10.41) 


Therefore, according to the first of conditions (10.40), 


e?m Jae 3). (4— 2r — e(1-2)) 


mêz — Êm = Le{m) = (4r)4/2 ((1-2)?m2 + xp2)2-4/2 
0 


(10.42) 


Similarly, the second of conditions (10.40) determines 65: 


Êz we 
1 
P(2-$) 
E mfe (l—2)2m2 + vu?) 4/2 
0 
_ pm? 
x e ez a (4— 2x — e(1 ))). (10.43) 


Notice that the second term in the brackets gives a finite result as € > 0, 
because it multiplies the divergent gamma function. 

The third condition of (10.40) requires the value (7.90) of the photon 
self-energy diagram: 


Then 


63 = II9(0) = cin [as nen (8x(1—z)). (10.44) 
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The last condition requires the value of the electron vertex function, computed 
in Section 6.3. Again, we will rework the diagram in dimensional regulariza- 
tion. Then the shift in the form factor F(q?) (6.56) becomes 


PQ-4) (2-0)? 
A2-4/2 9 


e2 
6F,(q?) = ma fe dy dz 6(x+y+z—-1) 


r(3-$) 
A3—d/2 


(q°[2(1—a)(1—y) — ewy] + m?[2(1—424+2) — e(1—2)?]) |, 
(10.45) 


where A = (1—z)*m? + zy? — xyq? as before. The fourth renormalization 
condition then determines 


e? r(2-4 2—e)? 

5: = -6F,(0) = TSE fea doe am ( ; ) 
T(3-4) 

((1—z)?m? + zp?)%4/? 


[2(1—4z+z7) — €(1~z)*]m? |. 
(10.46) 


Using an integration by parts similar to that following Eq. (7.32), one can 
show explicitly from (10.46) and (10.43) that 6; = 6), that is, that Z; = Zo 
to order a. As in our previous derivations, this formula follows from the Ward 
identity. The Lagrangian (10.38), with counterterms set to zero, is gauge in- 
variant. If the regulator is also gauge invariant (and we do use dimensional 
regularization), this implies the Ward identity for diagrams without counter- 
term vertices. In particular, this implies that &F; (0) = —dD2/dy |m. Then the 
counterterms 6, and 6), which are required to cancel these two factors, will 
be set equal. 

By continuing this argument, it is straightforward to construct a full dia- 
grammatic proof that 6; = é9, to all orders in renormalized perturbation the- 
ory, using the method we applied in Section 7.4 to prove the Ward-Takahashi 
identity in bare perturbation theory. With a generalization of the argument 
given there, one can show that the diagrammatic identity (7.68) holds for di- 
agrams that include counterterm vertices in loops. Thus, if the counterterms 
61 and 62 are determined up to order a”, the unrenormalized vertex diagram 
at q? = 0 equals the derivative of the unrenormalized self- energy diagram 
on-shell in order a"*t!, To satisfy the renormalization conditions (10.40), we 
must then set the counterterms 6, and 62 equal to order a”+!. This recur- 
sive argument gives yet another proof that Z, = Zə to all orders in QED 
perturbation theory. 

The relation (10.37) between the bare and renormalized charge 


Z: 
42 71/2 


e= €o 
Z 


(10.47) 
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gives a further physical interpretation of the identity Z, = Z2. Using the 
identity, we can rewrite (10.47) as 


e = y Z3ep, 


which is just the relation (7.76) that we derived by a diagrammatic argument 
in Section 7.5. This says that the relation between the bare and renormalized 
electric charge depends only on the photon field strength renormalization, 
not on quantities particular to the electron. To see the importance of this 
observation, consider writing the renormalized quantum electrodynamics with 
two species of charged particles, say, electrons and muons. Then, in addition 
to (10.37), we will have a relation for the photon-muon vertex: 


eZ as? = eg Zi, (10.48) 


where Zi and Z are the vertex and field strength renormalizations for the 
muon. Each of these two constants depends on the mass of the muon, so 
(10.48) threatens to give a different relation between e9 and e from the one 
written in (10.47). However, the Ward identity forces the factors Z{ and Z} 
to cancel out of this relation, leaving over a universal electric charge which 
has the same value for all species. 


10.4 Renormalization Beyond the Leading Order 


In the last two sections we have developed an algorithm for computing scat- 
tering amplitudes to any order in a renormalizable field theory. We have seen 
explicitly that this algorithm yields finite results at the one-loop level in both 
6* theory and QED. According to the naive analysis of Section 10.1, the al- 
gorithm should also work at higher orders. But that analysis ignored many 
of the intricacies of multiloop diagrams; specifically, it ignored the fact that 
diagrams can contain divergent subdiagrams. 

When an otherwise finite diagram contains a divergent subdiagram, the 
treatment of the divergence is relatively straightforward. For example, the 
sum of diagrams 


+ (10.49) 


is finite: The divergence in the photon propagator cancels just as when this 
propagator occurs in a tree diagram. The finite sum of the two propagator 
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diagrams gives an integrand for the outer loop that falls off fast enough that 
this integral still converges. 

A more difficult situation occurs when we have nested or overlapping 
divergences, that is, when two divergent loops share a propagator. Some ex- 
amples of diagrams with overlapping divergences are 


in ¢* theory; 


-©- 
~~ in QED. 


One contribution to this diagram comes from the region of momentum space 
where k2 is very large. This means that, in position space, £, y, and z are very 
close together, while w can be farther away. In this region we can think of the 
virtual photon as giving a correction to the vertex at x. We saw in Section 6.3 
that this vertex correction is logarithmically divergent, of the form 


u ~ —iey" - alog A? 


in the limit A — oo. Plugging this vertex into the rest of the diagram and 
integrating over kı, we obtain an expression identical to the one-loop photon 
self-energy correction II2(q?), displayed in (7.90), multiplied by the additional 
logarithmic divergence: 


~ alg” g? — gq” (q?) - alog A2 
f ee aT = q”q”)Tl2(4?) - alog (10.50) 


~ a(g"”q? — q"q”)(log A? + logg?) - alog A?. 
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The log? A? term comes from the region where both kı and kg are large, while 
the log q? log A? term comes from the region where kg is large but kı is small. 
Another such term would come from the region where kı is large but k2 is 
small. 

The appearance of terms proportional to TI2(q?) - log A? in the two-loop 
vacuum polarization diagram contradicts our naive argument, based on the 
criterion of the superficial degree of divergence, that the divergent terms of 
a Feynman integral are always simple polynomials in q?. We will refer to di- 
vergences multiplying only polynomials in q? as local divergences, since their 
Fourier transforms back to position space are delta functions or derivatives 
of delta functions. We will call the new, nonpolynomial, term a nonlocal di- 
vergence. Fortunately, our derivation of the nonlocal divergent term gave this 
term a physical interpretation: It is a local divergence surrounded by an or- 
dinary, nondivergent, quantum field theory process. 

If this picture accurately describes all of the divergent terms of the two- 
loop diagram, we should expect that these divergences are canceled by two 
types of counterterm diagrams. First, we can build diagrams of order a? by in- 
serting the order-a counterterm vertex into the one-loop vacuum polarization 


diagram: 
E + (~ 


These diagrams should cancel the nonlocal divergence in (10.50) and the cor- 
responding contribution from the region where kı is large and ka is small. In 
fact, a detailed analysis shows that the sum of the original diagram and these 
two counterterm diagrams contains only local divergences. Once these dia- 
grams are added, the only divergence that remains is a local one, which can 
be canceled by the diagram 


LV QIU 


that is, by adding an order-a” term to 63. 

We can extend the lessons of this example to a general picture of the 
divergences of higher-loop Feynman diagrams and their cancellation. A given 
diagram may contain local divergences, as predicted by the analysis of Section 
10.1. It may also contain nonlocal divergences due to divergent subgraphs 
embedded in loops carrying small momenta. These divergences are canceled by 
diagrams in which the divergent subgraphs are replaced by their counterterm 
vertices. One might still ask two questions: First, does this procedure remove 
all nonlocal divergences? Second, does this procedure preserve the finiteness 
of amplitudes, such as (10.49), that are not expected to be divergent by the 
superficial criteria of Section 10.1? To answer these questions requires an 
intricate study of nested Feynman integrals. The general analysis was begun 
by Bogoliubov and Parasiuk, completed by Hepp, and elegantly refined by 
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Zimmermann;? they showed that the answer to both questions is yes. Their 
result, known as the BPHZ theorem, states that, for a general renormalizable 
quantum field theory, to any order in perturbation theory, all divergences are 
removed by the counterterm vertices corresponding to superficially divergent 
amplitudes. In other words, any superficially renormalizable quantum field 
theory is in fact rendered finite when one performs renormalized perturbation 
theory with the complete set of counterterms. 

The proof of the BPHZ theorem is quite technical, and we will not include 
it in this book. Instead, we will investigate one detailed example of a two-loop 
calculation, which demonstrates explicitly the appearance and cancellation of 
nonlocal divergences. 


10.5 A Two-Loop Example 


To illustrate the issues discussed in the previous section, let us consider the 
two-loop contribution to the four-point function in + theory. There are 16 rel- 
evant diagrams, shown in Fig. 10.5. (There are also several diagrams involving 
the one-loop correction to the propagator. But each of these is exactly can- 
celed by its counterterm, as we saw in Eq. (10.29), so we can just ignore them.) 
Fortunately, many of the diagrams are simply related to each other. Crossing 
symmetry reduces the number of distinct diagrams to only six, 


where the last diagram denotes only the s-channel piece of the second-order 
vertex counterterm. If this sum of diagrams is finite, then simply replacing s 
with ¢ or u gives a finite result for the remaining diagrams. 

The value of the last diagram in (10.51) is just a constant, which we can 
freely adjust to absorb any divergent terms that are independent of the exter- 
nal momenta. Our goal, therefore, is to show that all momentum-dependent 
divergent terms cancel among the remaining five diagrams. 

The fourth and fifth diagrams in (10.51) involve the one-loop vertex coun- 
terterm, which we computed in Eq. (10.24). Let us briefly recall that compu- 
tation. We defined iV (p°) as the fundamental loop integral, 


% 


—ir 
t (10.52) 


i T( 2—4) 1 
)? iV (p?) = ( inp |S fi —|. 
(47) a E z( (1- x)p?]” d/2 


İN. N. Bogoliubov and O. S. Parasiuk, Acta Math. 97, 227 (1957); K. Hepp, 
Comm. Math. Phys. 2, 301 (1966); W. Zimmermann, in Deser, et. al. (1970). 
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Figure 10.5. The two-loop contributions to the four-point function in ¢4 
theory. Note that the diagrams in the first three lines are related to each 
other by crossing, being in the s-, t-, and u-channels, respectively. The last 
two diagrams in each of these lines involve the O(A?) vertex counterterm, 
while the final diagram is the O(A3) contribution to the vertex counterterm. 


The counterterm, according to the renormalization condition (10.19), had 
to cancel the three one-loop diagrams (one for each channel) at threshold 
(s = 4m?, t = u = 0); thus we found 


XK = —16) = (—id)?[-iV (4m?) — 2iV (0)]. 


For our present purposes it will be convenient to separate the two terms of 
this expression. Let us therefore define 


xK = (—id)? - -iV(4m?); Sx = (-i\)? - -2iV (0). 


We can now divide the first five diagrams in (10.51) into three groups, as 
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8 
Group I: + 
8 
t+u 
Group II: + 
Group HI: + 
t+u 


We will find that all divergent terms that depend on momentum cancel sep- 
arately within each group. Since Groups II and III are related by a simple 
interchange of initial and final momenta, it suffices to demonstrate this can- 
cellation for Groups I and II. 

Group I is actually quite easy, since each diagram factors into a product 
of objects we have already computed. Referring to Eq. (10.52), we have 


follows: 


+ 


= (=i)? - [iv(p?)]*; 


& = Q = (~i)? - iV (p?) - —iV (4m?). 


The sum of all three diagrams is therefore 


(id)? (livo? - 2iV (p?)iV (4m?)) 


y (10.53) 


= (~ia)? (-[V (P?) - V (4m?) 


But the difference V (p?)—V (4m?) is finite, as was required for the cancellation 
of divergences in the one-loop calculation: 


+ [V(4m?)]*). 


1 

1 m? — x(1—a)p? 
V(p?) — V (4m?) = 30,2 fe toe( 25 — as) 
0 


The only remaining divergence is in the term [V(4m?)]?, which is independent 
of momentum and can therefore be absorbed into the second-order counter- 
term in (10.51). 


10.5 A Two-Loop Example 341 


Two general properties of result (10.53) are worth noting. First, the di- 
vergent piece (and hence the O(A?) vertex counterterm) is proportional to 


2\2 
[V (4m?)]? x (r(2—4)]? x (2) for d= 4-— e€. 
a4 \e 
This is a double pole, in contrast to the simple pole we found for the one-loop 
counterterm. Higher-loop diagrams will similarly have higher-order poles, but 
in all cases the divergent terms are momentum-independent constants. Second, 
consider the large-momentum limit, 


P 
V (p°) — V (4m?) „~ log z 


OO 


The two-loop vertex is proportional to log*(p?/m?). A diagram of this struc- 
ture with n loops will have the form 


SOOT KOO ma (loe BY’ 


n loops 


This asymptotic behavior is actually a generic property of multiloop diagrams, 
which we will explore in more detail in Chapter 12. 
Now consider the more difficult diagram, from Group II: 


P3 Pa 


dtk i i 2 
k k+p =( it f one p ni iV ((k+p3)”). 


Pı p2 (10.54) 
In evaluating this diagram, we will combine denominators in the manner that 
makes it most straightforward to extract the divergent terms, at the price 
of complicating the evaluation of the finite parts. Another approach to the 
calculation of this diagram is discussed in Problem 10.4. 

To begin the evaluation of (10.54), combine the pair of denominators 
shown explicitly, and substitute expression (10.52) for V (p°). This gives the 


expression 
1 1 
— 4) d 
5 d*k 1 
3 Se [ae Joli 7 
H ‘ d [k2 4 2yk-p + yp? —m?] 


1 
x . (10.55) 


[m2 — x(1—2)(k-+p3)2]"-? 
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It is possible to combine this pair of denominators by using the identity 


1 
l Je wtw) Plote) (10.56) 


As Be 4 wA + (1—w)B] +E (ar (8) 


This is a special case of the formula quoted in Section 6.3, Eq. (6.42). To prove 
it, change variables in the integral: 


wA (-2)= (1—w)B dz = AB dw 
~ wA+ (1-w)B’ — wA+(1-w)B [wa + (1-w) BY” 
so that 
f 1(1—w)f-? 1 | 1 
we *(1—-w)P 
dw = fe z2%71(1—2)f | = —— B(a, 8), 
J [wA + (1—w)B] tA A%B? 4 Ac BE 


where B(a, 3) is the beta function, Eq. (7.82). The more general identity 
(6.42) can be proved by induction. 
Applying identity (10.56) to (10.55), we obtain 


7 

(w|m?—a(1—«)(k+p3)?] + (1—w)[m?—k?—2yk -p yp?|)* 3 
(10.57) 

Completing the square in the denominator yields a polynomial of the form 


[(l-w) + wa(1—2)]@ — P? +m’, (10.58) 


where £ is a shifted momentum variable and P? is a rather complicated func- 
tion of p, p3, and the various Feynman parameters. It will only be important 
for this analysis that, as w — 0, 


P?(w) = y(1—y)p? + Ow), (10.59) 


and this can be seen easily from (10.57). Changing variables to £, Wick- 
rotating, and perforrning the integral, we eventually obtain 


d 


-= {Xa fa fas fa w (iw) r(4—d) (10.60) 
0 


2(49)* 4 3 [1 — w+ wa(1—-2)| 4/2 (m? — P?)t-a 


This expression has one obvious pole as d — 4, coming from the gamma 
function. However, it also has a less obvious pole, coming from the zero end 
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of the w integral. Let us write (10.60) as 


[ew w1? f(w), 
0 


where f(w) incorporates all the factors not displayed explicitly. To isolate the 
pole at w = 0, we can add and subtract f(0): 


1 1 


[ov w'-# p00) = favuri fo (0) + faww t | -2 [f(w) — f(0)]. (10.61) 
0 


0 0 


The second piece is 


1 1 1 
i 4) 
“ Taare [ae fay ftw wt 
0 0 0 


(1—w) 1 1 
* Bn -w+ wr(1-r)]*? [m? — P2(w)|*“ [m? — pay) 


This term has only a simple pole as d — 4; the residue of the pole is a 
momentum-independent constant, obtained by setting d = 4 everywhere ex- 
cept in '(4—d). We can therefore absorb this divergence into the O(\?) vertex 
counterterm. (The finite part of this expression has a very complicated de- 
pendence on momentum, but we do not need to work this out to complete 
our argument.) 

We are left with only the first term of (10.61). This expression contains 
only P?(0), which is given by (10.59). The w integral in this term is straight- 
forward, and the z integral is trivial. With € = 4—d, our remaining expression 


1 
1O J ayy 


— a (2) [ov E =y- log[m? — y(l—y)p"]), 
0 


where we have kept only the divergent terms in the second line. The logarithm, 
multiplied by the pole 2/e, is the nonlocal divergence that we worried about 
in Section 10.4. 

Fortunately, we must still add to this the “t + u” counterterm diagram 
of Group II. The computation of that diagram is by now a straightforward 


(10.62) 
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process: 


t+u 
= (-id)? - —2iV (0) - iV (p?) 


ai 2 a 4 2 her 7 logm*) 


x (- — 7 —log[m? — y(1-y)p"] ). (10.63) 


(Again we have dropped finite terms from the last line.) This expression also 
contains a nonlocal divergence, given by the first pole times the second log- 
arithm. It exactly cancels the nonlocal divergence in (10.62). The remaining 
terms are all either finite, or divergent but independent of momentum. This 
completes the proof that the two-loop contribution to the four-point function 
is finite. 

The two features of the Group I diagrams appear here in Group II as 
well. The divergent pieces of (10.62) and (10.63) contain double poles that do 
not cancel, so we again find that the second-order vertex counterterm must 
contain a double pole. The finite pieces of (10.62) and (10.63) contain double 
logarithms, so we again find that the two-loop amplitude behaves as A3 log? p? 
as p> œ. 


Problems 


10.1 One-loop structure of QED. In Section 10.1 we argued from general princi- 
ples that the photon one-point and three-point functions vanish, while the four-point 
function is finite. 


(a) Verify directly that the one-loop diagram contributing to the one-point func- 
tion vanishes. There are two Feynman diagrams contributing to the three-point 
function at one-loop order. Show that these cancel. Show that the diagrams 
contributing to any n-point photon amplitude, for n odd, cancel in pairs. 

(b) The photon four-point amplitude is a sum of six diagrams. Show explicitly that 
the potential logarithmic divergences of these diagrams cancel. 


10.2 Renormalization of Yukawa theory. Consider the pseudoscalar Yukawa La- 
grangian, _ E 

2 (Dug)? — 3m?d? + bOI — My —ighPvo, 
where ¢ is a real scalar field and w is a Dirac fermion. Notice that this Lagrangian is 
invariant under the parity transformation y(t, x) > y°w(t, -x), o(t,x) > —@(t, —x), 
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in which the field ¢ carries odd parity. 


(a) Determine the superficially divergent amplitudes and work out the Feynman 
rules for renormalized perturbation theory for this Lagrangian. Include all nec- 
essary counterterm vertices. Show that the theory contains a superficially diver- 
gent 4 amplitude. This means that the theory cannot be renormalized unless 
one includes a scalar self-interaction, 


A 4 


and a counterterm of the same form. It is of course possible to set the renor- 
malized value of this coupling to zero, but that is not a natural choice, since the 
counterterm will still be nonzero. Are any further interactions required? 


(b) Compute the divergent part (the pole as d — 4) of each counterterm, to the one- 
loop order of perturbation theory, implementing a sufficient set of renormaliza- 
tion conditions. You need not worry about finite parts of the counterterms. Since 
the divergent parts must have a fixed dependence on the external momenta, you 
can simplify this calculation by choosing the momenta in the simplest possible 
way. 


10.3 Field-strength renormalization in ¢* theory. The two-loop contribution to 
the propagator in ¢* theory involves the three diagrams shown in (10.31). Compute the 
first of these diagrams in the limit of zero mass for the scalar field, using dimensional 
regularization. Show that, near d = 4, this diagram takes the form: 


=] 2 a? [ 1 +lo 24 | 
P Taam l e 7 88? ' 


with e = 4—d. The coefficient in this equation involves a Feynman parameter integral 
that can be evaluated by setting d = 4. Verify that the second diagram in (10.31) 
vanishes near d = 4. Thus the first diagram should contain a pole only at e = 0, which 
can be canceled by a field-strength renormalization counterterm. 


10.4 Asymptotic behavior of diagrams in $4 theory. Compute the leading 
terms in the S-matrix element for boson-boson scattering in ¢* theory in the limit 
s — œ, t fixed. Ignore all masses on internal lines, and keep external masses nonzero 
only as infrared regulators where these are needed. Show that 


2 5 3 
‘Tame (085 i z log’ ster. 


2(47) 
Notice that ignoring the internal masses allows some pleasing simplifications of the 
Feynman parameter integrals. 


iM(s,t) ~ —ir 


Chapter 11 


Renormalization and Symmetry 


Now that we have determined the general structure of the ultraviolet diver- 
gences of quantum field theories, it would seem natural to continue investi- 
gating the implications of these divergences in Feynman diagram calculations. 
However, we will now put this issue aside until Chapter 12 and set off in what 
may seem an unrelated direction. In Chapter 8 and in Section 9.3, we noted the 
formal relation between quantum field theory and statistical mechanics. The 
closest formal analogue of a scalar field theory was seen to be the continuum 
description of a ferromagnet or some other system that allows a second-order 
phase transition. This analogy raises the possibility that in quantum field the- 
ory as well it may be possible for the field to take on a nonzero global value. 
As in a magnet, this global field might have a directional character, and thus 
violate a symmetry of the Lagrangian. In such a case, we say that the field 
theory has hidden or spontaneously broken symmetry. We devote this chapter 
to an analysis of this mechanism of symmetry violation. 

Spontaneously broken symmetry is a central concept in the study of quan- 
tum field theory, for two reasons. First, it plays a major role in the applications 
of quantum field theory to Nature. In this book, we will see two very differ- 
ent examples of such applications: Chapter 13 will apply the theory of hidden 
symmetry to statistical mechanics, specifically to the behavior of thermody- 
namic variables near second-order phase transitions. Later, in Chapter 20, we 
will see that. hidden symmetry is an essential ingredient in the theory of the 
weak intcractions. Spontaneous symmetry breaking also finds applications in 
the theory of the strong interactions, and in the search for unified models of 
fundamental physics. 

But spontaneous symmetry breaking is also interesting from a theoretical 
point of view. Quantum field theories with spontaneously broken symmetry 
contain ultraviolet divergences. Thus, it is natural to ask whether these diver- 
gences are constrained by the underlying symmetry of the theory. The answer 
to this question, first presented by Benjamin Lee,* will give us further insights 
into the nature of ultraviolet divergences and the meaning of renormalization. 


*A beautiful summary of Lee’s analysis is given in his lecture note volume: B. Lee, 
Chiral Dynamics (Gordon and Breach, New York, 1972). 
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11.1 Spontaneous Symmetry Breaking 
We begin with an analysis of spontaneous symmetry breaking in classical field 
theory. Consider first the familiar 6+ theory Lagrangian, 


1 
2 


À 
242 4 
mee? — Toh, 


but with m? replaced by a negative parameter, —j.: 


À 
4! 


1 
L= 5 (0,6) 


1 
L= 3 (0,0)? | 5h g. (11.1) 


This Lagrangian has a discrete symmetry: It is invariant under the operation 


@ — —@. The corresponding Hamiltonian is 


1 1 1 à 
H= fate) sa? 5 (Ve) T ' a? 


The minimum-energy classical configuration is a uniform field (£) = ġo, with 
$o chosen to minimize the potential 


— low, Ava 
(see Fig. 11.1). This potential has two minima, given by 


6 
bv = 4/2 p. 11.2 
v yh (11.2) 


Po = 


The constant v is called the vacuum expectation value of ¢. 
To interpret this theory, suppose that the system is near one of the minima 
(say the positive one). Then it is convenient to define 


olz) =v +(x), (11.3) 


and rewrite £ in terms of o(x). Plugging (11.3) into (11.1), we find that the 
term linear in ø vanishes (as it must, since the minimum of the potential is 
at o = 0). Dropping the constant term as well, we obtain the Lagrangian 


- Lao)? — Ley 2- > s_A 
L= 5 (ue) 5 (2H Jo g ae (11.4) 


This Lagrangian describes a simple scalar field of mass V2, with o? and o4 
interactions. The symmetry @ — —¢ is no longer apparent; its only manifes- 
tation is in the relations among the three coefficients in (11.4), which depend 
in a special way on only two parameters. This is the simplest example of a 
spontaneously broken symmetry. 
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Figure 11.1. Potential for spontaneous symmetry breaking in the discrete 
case. 


The Linear Sigma Model 


A more interesting theory arises when the broken symmetry is continuous, 
rather than discrete. The most important example is a generalization of the 
preceding theory called the linear sigma model, which we considered briefly 
in Problem 4.3. We will study this model in detail throughout this chapter. 
The Lagrangian of the linear sigma model involves a set of N real scalar 
field ¢*(x): 
L= O0 + FEP = OPT, (11.5) 


with an implicit sum over i in each factor (¢’)”. Note that we have rescaled the 
coupling À from the ¢* theory Lagrangian to remove the awkward factors of 6 
in the analysis above. The Lagrangian (11.5) is invariant under the symmetry 


# — Rg! (11.6) 
for any N x N orthogonal matrix R. The group of transformations (11.6) 
is just the rotation group in N dimensions, also called the N-dimensional 
orthogonal group or simply O(N). 
Again the lowest-energy classical configuration is a constant field 49, 
whose value is chosen to minimize the potential 


eo + (er? 


(see Fig. 11.2). This potential is minimized for any gi that satisfies 


Vie!) = 


we 


($0)? = >" 


This condition determines only the length of the vector 43; its direction is 
arbitrary. It is conventional to choose coordinates so that ġġ points in the 


350 Chapter 11 Renormalization and Symmetry 


Figure 11.2. Potential for spontaneous breaking of a continuous O(N) sym- 
metry, drawn for the case N = 2. Oscillations along the trough in the potential 
correspond to the massless 7 fields. 


Nth direction: 


i H 
= (0,0,...,0,v), where v = —=. 11.7 
po = ( ) A (11.7) 
We can now define a set of shifted fields by writing 
p (x) = (x*(x),v + 0(z2)), k=1,...,N-1. (11.8) 


(The notation, as in Problem 4.3, comes from the application of this formalism 
to pions in the case N = 4.) 

It is now straightforward to rewrite the Lagrangian (11.5) in terms of the 
nm and ø fields. The result is 


_l ky2 1 2 1 2\_2 
L= S(t")? + 5 (0)? = 5(2n")0 


— Vuo? — Vuln") o — +e! — À ph) 2g2 -2 [a]. 


We obtain a massive ø field just as in (11.4), and also a set of N—1 massless 
x fields. The original O(N) symmetry is hidden, leaving only the subgroup 
O(N—1), which rotates the 7 fields among themselves. Referring to Fig. 11.2, 
we note that the massive o field describes oscillations of ¢' in the radial 
direction, in which the potential has a nonvanishing second derivative. The 
massless 7 fields describe oscillations of ¢' in the tangential directions, along 
the trough of the potential. The trough is an (N—1)-dimensional surface, and 
all N—1 directions are equivalent, reflecting the unbroken O(N —1) symmetry. 
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Goldstone’s Theorem 


The appearance of massless particles when a continuous symmetry is spon- 
taneously broken is a general result, known as Goldstone’s theorem. To state 
the theorem precisely, we must count the number of linearly independent con- 
tinuous symmetry transformations. In the linear sigma model, there are no 
continuous symmetries for N = 1, while for N = 2 there is a single direction of 
rotation. A rotation in N dimensions can be in any one of N(N—1)/2 planes, 
so the O(N)-symmetric theory has N(N—1)/2 continuous symmetries. After 
spontaneous symmetry breaking there are (N—1)(N—2)/2 remaining symme- 
tries, corresponding to rotations of the (N—1) a fields. The number of broken 
symmetries is the difference, N—1. 

Goldstone’s theorem states that for every spontaneously broken continu- 
ous symmetry, the theory must contain a massless particle." We have just seen 
that this theorem holds in the linear sigma model, at least at the classical level. 
The massless fields that arise through spontaneous symmetry breaking are 
called Goldstone bosons. Many light bosons seen in physics, such as the pions, 
may be interpreted (at least approximately) as Goldstone bosons. We conclude 
this section with a general proof of Goldstone’s theorem for classical scalar 
field theories. The rest of this chapter is devoted to the quantum-mechanical 
analysis of theories with hidden symmetry. By the end of the chapter we will 
see that Goldstone bosons cannot acquire mass from any order of quantum 
corrections. 

Consider, then, a theory involving several fields ¢°(x), with a Lagrangian 
of the form 


L = (terms with derivatives) — V(¢). (11.10) 
Let ¢% be a constant field that minimizes V, so that 


0 


age” =0. 


$*(2)=$6 


Expanding V about this minimum, we find 


V(8) = Vga) + (6 ~ 60)"(0 = 60)" (Gera) bo 
go 


The coefficient of the quadratic term, 


ə? 2 
(aas), = Mab? (11.11) 


tJ. Goldstone, Nuovo Cim. 19, 154 (1961). An instructive four-page paper by 
J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev. 127, 965 (1962), gives three 
different proofs of the theorem. 
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is a symmetric matrix whose eigenvalues give the masses of the fields. These 
eigenvalues cannot be negative, since ¢) is a minimum. To prove Gold- 
stone’s theorem, we must show that every continuous symmetry of the La- 
grangian (11.10) that is not a symmetry of ¢ gives rise to a zero eigenvalue 
of this mass matrix. 

A general continuous symmetry transformation has the form 


P — p +aA (o), (11.12) 


where æ is an infinitesimal parameter and A’ is some function of all the d’s. 
Specialize to constant fields; then the derivative terms in £ vanish and the 
potential alone must be invariant under (11.12). This condition can be written 
o 
ogl 


V) =V( +a) oœ AOV) = 0. 


Now differentiate with respect to ¢°, and set ¢ = do: 


on OV a 0? 
0= E ) (oe), + A’ (0) (Seams v) (11.13) 


The first term vanishes since œo is a minimum of V, so the second term must 
also vanish. If the transformation leaves ġo unchanged (i.e., if the symmetry is 
respected by the ground state), then A? (ġo) = 0 and this relation is trivial. A 
spontaneously broken symmetry is precisely one for which A (ġo) 4 0; in this 
case A? (ġo) is our desired vector with eigenvalue zero, so Goldstone’s theorem 
is proved. 


11.2 Renormalization and Symmetry: 
An Explicit Example 


Now let us investigate the quantum mechanics of a theory with spontaneously 
broken symmetry. Again we will use as our example the linear sigma model. 
The Lagrangian of this theory, written in terms of shifted fields, is given in 
Eq. (11.9). From this expression, we can read off the Feynman rules; these are 
shown in Fig. 11.3. 

Using these Feynman rules, we can compute tree-level amplitudes without 
difficulty. Diagrams with loops, however, will often diverge. For the amplitude 
with Ne external legs, the superficial degree of divergence is 


D=4-N., 


just as in the discussion of $4 theory in Section 10.2. (Diagrams containing 
a three-point vertex will be less divergent than this expression indicates, be- 
cause this vertex has a coefficient with dimensions of mass.) However, the 
symmetry constraints on the amplitudes are much weaker than in that earlier 
analysis. The linear sigma model has eight different superficially divergent am- 
plitudes (see Fig. 11.4); several of these have D > 0 and therefore can contain 
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Figure 11.3. Feynman rules for the linear sigma model. 


more than one infinite constant. Yet the number of bare parameters available 
to absorb these infinities is much smaller. If we follow the procedure of Sec- 
tion 10.2 to rewrite the original Lagrangian in terms of physical parameters 
and counterterms, we find only three counterterms: 


L= 3 (ue ) + 5 (o y- Pi [(¢°)?] 

11.14) 

1 i 1 iy2 _ ÔA py piy2J2 l 
+ MAU )? — 9 ould y- Pi KEPI- 
Written in terms of a and ø fields, the second line takes the form 
ô 1 6 1 
E (Bum)? — 5 (Bu + INPN + (Quo)? = 5 (Su + 36a0*)o” 
— (6,0 + xv) — vo (r)? — 6,00" (11.15) 


6d pe e22 ÔA 9, by2_ Or 4 

[(n*)?] ~ ao i) -77 
The Feynman rules associated with these counterterms are shown in Fig. 11.5. 
There are now plenty of counterterms, but they still depend on only three 
renormalization parameters: 67, 6,, and 6). It would be a miracle if these 
three parameters were able to absorb all the infinities arising in the divergent 
amplitudes shown in Fig. 11.4. 

If this miracle did not occur, that is, if the counterterms of (11.15) did 
not absorb all the infinities, we could still make this theory renormalizable by 
introducing new, symmetry-breaking terms in the Lagrangian. These would 
give rise to additional counterterms, which could be adjusted to render all am- 
plitudes finite. If desired, we could set the physical values of the symmetry- 
breaking coupling constants to zero. The bare values of these constants, how- 
ever, would still be nonzero, so the Lagrangian itself would no longer be invari- 
ant under the O(N) symmetry. We would have to conclude that the symmetry 
is not consistent with quantum mechanics. 
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Figure 11.4. Divergent amplitudes in the linear sigma model. 
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Figure 11.5. Feynman rules for counterterm vertices in the linear sigma 
model. 


Fortunately, the miracle does occur. We will see below that the counter- 
terms of (11.15), even though they contain only three adjustable parameters, 
are indeed sufficient to cancel all the infinities that occur in this theory. In 
this section we will demonstrate this cancellation explicitly at the one-loop 
level. The rest of this chapter is devoted to a more general discussion of these 
issues. 


Renormalization Conditions 


In the discussion to follow, we will keep track of only the divergent parts of 
Feynman diagrams. However, it will be useful to keep in mind a set of renor- 
malization conditions that could, in principle, be used to determine also the 
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finite parts of the counterterms. Since the counterterms contain three ad- 
justable parameters, we need three conditions. We could take these to be the 
conditions (10.19) (implemented according to (10.28)), specifying the phys- 
ical mass m of the o field, its field strength, and the scattering amplitude 
at threshold. However, it is technically easier to replace one of these condi- 
tions with a constraint on the one-point amplitude for o (the sum of tadpole 


diagrams): 


In QED the tadpole diagrams automatically vanish, as we saw in Eq. (10.5). 
In the linear sigma model, however, no symmetry forbids the appearance of a 
nonvanishing one-o amplitude. This amplitude produces a vacuum expecta- 
tion value of o and so, since ¢* = v +a, shifts the vacuum expectation value 
of @. Such a shift is quite acceptable, as long as it is finite after counterterms 
are properly added into the computation of the amplitude. However, it will 
simplify the bookkeeping to set up our conventions so that the relation 


N H 

(CAD NAN (11.16) 
is satisfied to all orders in perturbation theory. We will define A, as in 
Eq. (10.19), as the scattering amplitude at threshold. Then Eq. (11.16) de- 
fines the parameter u, so the mass m of the o field will differ from the result of 
the classical equations m? = 2u? = 2\v? by terms of order (Ay”). If indeed we 
can remove the divergences from the theory by adjusting three counterterms, 
these corrections will be finite and constitute a prediction of the quantum 
field theory. 

To summarize, we will use the following renormalization conditions: 


d 
2 pr} ) 0 at p? = m’; (11.17) 


sot =-6i’ ats=4m*, t=u=0. 


In the last condition, the circle is the amputated four-point amplitude. Note 
that the last two conditions depend on the physical mass m of the ø particle. 
We must now show that these three conditions suffice to make all of the one- 
loop amplitudes of the linear sigma model finite. 
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The Vertex Counterterm 


We begin by determining the counterterm 6, by computing the 40 amplitude. 
The tree-level term comes from the 4g vertex, and is just such as to satisfy 
(11.17). The one-loop contribution to this amplitude is the sum of diagrams: 


+ (crosses) 


Q +f 
BoE Oo — an 
AN 


+ (crosses) + X 


According to (11.17), we must adjust 6, so that this sum of diagrams vanishes 
at threshold. tn se calculation, we will only keep track of the ultraviolet di- 
vergences. This greatly simplifies the analysis, because most of the diagrams 
in (11.18) are finite. All the diagrams with loops made of three or more prop- 
agators are finite, since they have at least six powers of the loop momentum 
in the denominator; for example, 


Alternatively, we can see that this diagram is finite in the following way: 
Each three-point vertex carries a factor of u, which has dimensions of mass. 
According to the dimensional analysis argument of Section 10.1, each such 
factor lowers the degree of divergence of a diagram by 1. Since the 40 ampli- 
tude already has D = 0, any diagram containing a three-point vertex must be 
finite. 

We are left with the first two diagrams of (11.18) and the four diagrams re- 
lated to these by crossing. Let us evaluate the first diagram using dimensional 
regularization: 


À 


d 

k 

z 62 f d — : 

ktp 2 (2r)? k? — 2u? (k +p)? — 2p? 


7 a 


tp 
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1 
= 2 i a (1\?2 
= 18) fo ama"? 4) (x) 
0 


r(2-4) 


(4r)? 


Here A is a function of p and u, whose exact form does not concern us. Since 
our objective is only to demonstrate the cancellation of the divergences, we 
will neglect finite terms here and throughout the rest of this section. The 
second diagram of (11.18) (with m’s instead of o’s for the internal lines) is 
identical, except that each vertex factor is changed from —6iA to —2id6%. 


= 18i\? 


+ (finite terms). (11.19) 


(Roman indices i,j,... run from 1 to N--1.) We therefore have 
r(2—4 
= 2i?(N-1) coe + (finite terms). (11.20) 


Since the infinite part of each of these diagrams is simply a momentum- 
independent constant, the infinite parts of the corresponding t- and u-channel 
diagrams must be identical. Therefore the infinite part of the 40 vertex is just 
three times the sum of (11.19) and (11.20): 


(2-9) 
(47)? 


+ + (crosses) ~ 6¢A?(N+8) (11.21) 


(In this section we use the ~ symbol to indicate equality up to omitted fi- 
nite corrections.) Applying the third condition of (11.17), we find that the 
counterterm ó) is given by 


r(2-5) 
(4r)? 
Once we have determined the value of 6,, we have fixed the counterterms 
for the two other four-point amplitudes. Are these amplitudes also made finite? 


Consider the amplitude with two o’s and two z’s. This receives one-loop 
corrections from 


and from several diagrams with three-point vertices which, as argued earlier, 
are manifestly finite. Each of the diagrams in (11.23) contains a loop integral 
analogous to that in (11.19), whose infinite part is always —iI'(2—$)/(47)?. 


ôy ~ \7(N +8) (11.22) 


358 Chapter 11 Renormalization and Symmetry 


The only differences are in the vertices and symmetry factors. For example, 
the infinite part of the first diagram of (11.23) is 


r(2-5) 
(4r)? 


—T (2-4) = 6i)? 


- (=6iA)(—2i A6") an? 


NI = 


The second diagram is a bit more complicated: 


1 oy skl : ij ckl ik cjl il ejk -i d 
oe _2 ij ik 69 ul gI . —— T22 
k l 5 (—2id5"") (—2iA(67 6" + 6°57! + 66") ar 2) 
a7 Nj 
„T(2-2) 
_—9; 2 ij 2 
2i)? (N+1)6 T 


In the third diagram there is no symmetry factor: 


—i 


-I 
d\ — 4gy2st 


~ (—2i A6”) (2167) - 


i j 
The fourth diagram of (11.23) gives an identical expression, since it is the 
same as the third but with ¢ and j interchanged. The sum of the four diagrams 
therefore gives, for the infinite part of the comm vertex, 


r(2-4) 


~? 2 cij . 
iA? 84 (N48) 


(11.24) 


This divergent term is indeed canceled by the gørr counterterm, with the 
value of ó) given in (11.22). 

The remaining four-point amplitude has four external 7 fields. The diver- 
gent one-loop diagrams are: 


Q + o + (crosses) (11.25) 


These diagrams all have the same familiar form. The first is 


—i 2 rO- 
TTO- H) = Bante ER. 


» (—23 69) (2764) . 
(—21d6 )(—276™") (4m)? 


N| = 


NS GENIE SESETI OR 


11.2 Renormalization and Symmetry: An Explicit Example 359 


The second diagram is more complicated: 


a j 
1 D re 
m( Jn ~ 5 > (SAE 45°57" +667") 
; kismn ı skm sin | skn sim —i d 
“(= . T(2—4 
kol (—2in(stiomn oem sin 48"9™)) GTO) 
re-$) 


_ 95)2 ij skl ik ofl il sik 
= 2i)? ((N+3) 645"! + 26°67! + 266") im? 
For each of these diagrams there are two corresponding cross-channel dia- 
grams, which differ only in the ways that the external indices ijkl are paired 
together. For instance, the t-channel diagrams are identical to the s-channel 
diagrams, but with j and k interchanged. Adding all six diagrams, we find for 
the 4r vertex 


j | heil. cies T(2~$) 
eS ~ 2d? (6 6"! 4.67 6" + 6 5I") (N48) ime (11.26) 


l 


Again, the value of 6) given in (11.22) gives a counterterm of the correct value 
and index structure to cancel this divergence. 

The value of 6) that we have determined also fixes the counterterms for 
the three-point amplitudes. Thus we have no further freedom in canceling the 
divergences in the three-point amplitudes; we can only cross our fingers and 
hope these also come out finite. The 3o amplitude is given by 


Q + O + crosses + Q + Q (11.27) 


The diagrams made of three three-point vertices are finite and play no role in 
the cancellation of divergences. Of the divergent diagrams in (11.27), the first 
has the form 


1 dtk i i 
k ==. (—6i\)(—6iAv | 
Diep 2 CENCE: | Ont ae Pe 
b 1822 P25) 
t Vv (41)? . 


This is exactly the same as the corresponding diagram (11.19) for the 40 
vertex, except for the extra factor of v. The same is true of the other five 
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divergent diagrams; thus, 


E> ~ Già v(N +8) ep (11.28) 


This is precisely canceled by the 30 counterterm vertex in Fig. 11.5, with 6) 
given by (11.22). 

There is a similar correspondence between the orr amplitude and the 
gort amplitude. The four divergent diagrams in the orm amplitude are iden- 
tical to those in (11.23), except that each has an external ø leg replaced by a 
factor of v. Referring to the onr counterterm vertex in Fig. 11.5, we see that 
the cancellation of divergences will occur here as well. 

What is happening? All the divergences we have seen so far are manifes- 
tations of the basic diagram 


(11.29) 


with either four external particles or with one leg set to zero momentum and 
associated with the vacuum expectation value of ¢. Since the O(N) symmetry 
is broken, this diagram manifests itself in many different ways. But apparently, 
the divergent part of the diagram is unaffected by the symmetry breaking. 


Two-Point and One-Point Amplitudes 


To complete our investigation of the one-loop structure of this theory we 
must evaluate the two-point and one-point amplitudes. We first determine 
the counterterm 6, by applying the first renormalization condition in (11.17). 
At one-loop order, this condition reads 


O- + (= + &= . (11.30) 


We will later need to make use of the finite part of the counterterm, so we will 
pay attention to the finite terms when we evaluate (11.30). The first diagram 
is 


Lo dik i a ra-$) 
O- = gei) | = aye PO’ Gap (=a M 
(11.31) 


The second diagram involves a divergent integral over a massless propagator. 
To be sure that we understand how to treat this term, we will add a small 
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(11.32) 


mass Ç for the 7 field as an infrared regulator. Then the second diagram is 
1  f dk ið 

=(—2iAv) 6" 

(>+ gA) Jenee P-E 

. T(i-4) 1 1-4 

IN- Gh (=) . 

Notice that, for d > 2, the diagram vanishes in the limit as ¢ — 0; however, 
it has a pole at d = 2. Despite these strange features, we can add (11.32) to 
(11.31) and impose the condition that the tadpole diagrams be canceled by 
the counterterm from Fig. 11.5. This condition gives 


rd—¢) 3 N-1 
(6,, + 026y) = -A CUE (aaa + aya): (11.33) 


Now consider the 2o amplitude. The one-particle-irreducible amplitude 
receives contributions from four one-loop diagrams and a counterterm: 


(+L O O s ty 


It is convenient to write the counterterm vertex as 


—i(2u°5y) — i(6,, + 08a) — ip?6z. (11.35) 


In a general renormalization scheme, the ø mass will also be shifted by the 
tadpole diagrams (and their counterterm): 


Pi 


However, the first renormalization condition in (11.17) forces these diagrams 
to cancel precisely. This is an example of the special tA of this renor- 
malization condition. 

The first two diagrams are again manifestations of the generic four-point 
diagram (11.29), now with two external legs replaced by the vacuum expec- 
tation value of ¢. In analogy with the preceding calculations, we find for the 


first diagram 
O r(2-4) 
~ 184202 2 
AT 
and for the second diagram 
T(2-2) 
~ 2 v7(N=1 2. 
{=~ aay 


Using (11.22), we see that these two contributions are canceled by the first 
term of (11.35). The third and fourth diagrams of (11.34) contain precisely 
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the same integrals as the tadpole diagrams of (11.30). Relation (11.33) implies 
that they are canceled by the second term in (11.35). Notice that there is no 
divergent term proportional to p? in any of the one-loop diagrams of (11.34). 
Thus the renormalization constant 6z is finite at the one-loop level, just as in 
ordinary ¢*4 theory. 

There remains only one potentially divergent amplitude 


tude: 
O + O +) + —g—. (137) 


In analogy with (11.31), the first diagram is 


1 oy f d'k i „Tra@-2); 1 \1-4 
= ~(_95)64 — SEYN] 2 . 
Q z (“2108 fom kp A agar (=z) 


i j 


the mz ampli- 


The second diagram is quite similar. As in (11.32), it is useful to introduce a 
small pion mass as an infrared regulator. 


OF 


a J 


l 


N| = 


(2AA (6I EErEE) / 


—id\(N+1)64 


(=$) (1-4 
tela) 


The third diagram is given by 


= (-2ix08 t) (2i) | dk i i 
i jo (27)? k? — (? (k+p)? — 2p? 


1 
„T(2- 8) 1 2-3 
= Aj)? u 2 fa . 
AE en? (ane) 
0 


The divergent part of this expression is independent of p, so to check the 
cancellation of the divergence, it suffices to set p = 0. It will be instructive to 
compute the complete amplitude at p = 0, including the finite terms. Adding 
the three loop diagrams and the counterterm, whose value is given by (11.33), 
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we find 


ay cif r(-4) 1 N+t 
= (-id6 Ji (4194/2 (mom + ea) 


p=0 
1 d 
r(2—4 1 2-2 
Adv? ( 2) fo 
(4a) 4/2 Qu2x + ¢2(1—-2) 
0 
T(i-¢) 3 N-1 
(4) 4/2 \ (2p:2)1-4/2 + (C2)1-4/2 } f° 
(11.38) 
It is not hard to simplify this expression. The first and third lines can be 
combined to give 
, rd-4 
2A6" =) l l . 
(4n)4/2 | (C2)1-4/2 (2p?) 74/2 


Near d = 2 the quantity in brackets is proportional to 1 — d/2, and this factor 
cancels the pole in the gamma function. Thus the worst divergence cancels, 
leaving only a pole at d = 4. Using the identity T(x) = T(z + 1)/x, we can 
rewrite the above expression as 


r(2-4) 1 c? 2u? 
(4n)4/? 1—d/2 hem TAR: 


The first term vanishes for d > 2 and ¢ —> 0, and can be neglected. Meanwhile, 
the second line of expression (11.38) involves the elementary integral 


264 (11.39) 


i (2422/271 — (¢2)4/2-1 
~ d/2—1- 22 — 2 


1 
fo (2p22 + (1—2)C2)2-? 
0 


This expression is also nonsingular at d = 2 and reduces to 
1 
d/2— i 
for d > 2 and ¢ — 0. Comparing this line with the remaining term from 
(11.39), and recalling that Av? = u°, we find that the mm amplitude is not 
only finite, but vanishes completely at p = 0. 

This result is very attractive. The mz amplitude, at p = 0, is precisely 
the mass shift 6m? of the r field. We already knew that the m particles are 
massless at tree level—they are the N—1 massless bosons required by Gold- 
stone’s theorem. We have now verified that these bosons remain massless at 
the one-loop level in the linear sigma model; in other words, the first quan- 
tum corrections to the linear sigma model also respect Goldstone’s theorem. 
At the end of this chapter, we will give a general argument that Goldstone’s 
theorem is satisfied to all orders in perturbation theory. 


(2p?) 
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11.3 The Effective Action 


In the first section of this chapter, we analyzed spontaneous symmetry break- 
ing in classical field theory. That analysis was geometrical: We found the vac- 
uum state by finding the deepest well in a potential surface, and we proved 
Goldstone’s theorem by showing that symmetry required the presence of a line 
of degenerate minima at the bottom of the well. But this geometrical picture 
was lost, or at least disguised, in the one-loop calculations of Section 11.2. It 
seems worthwhile to develop a formalism that will allow us to use geometrical 
arguments about spontaneous symmetry breaking even at the quantum level. 

To define our goal somewhat better, consider the problem of determining 
the vacuum expectation value of the quantum field œ. This expectation value 
should be determined as a function of the parameters of the Lagrangian. At 
the classical level, it is easy to compute (¢); one minimizes the potential 
energy. However, as we have seen in the previous section, this classical value 
can be altered by perturbative loop corrections. In fact, we saw that (¢) could 
be shifted by a potentially divergent quantity, which we needed to control by 
renormalization. 

It would be wonderful if, in the full quantum field theory, there were a 
function whose minimum gave the exact value of (#6). This function would 
agree with the classical potential energy to lowest order in perturbation the- 
ory, but it would be modified in higher orders by quantum corrections. Pre- 
sumably, these corrections would need renormalization to remove infinities. 
Nevertheless, after renormalization, this quantity should give the same rela- 
tions between (¢) and particle masses and couplings that we would find by 
direct Feynman diagram calculations. In this section, we will exhibit a func- 
tion with these properties, called the effective potential. In Section 11.4 we 
will explain how to compute the effective potential in perturbation theory, in 
terms of renormalized masses and couplings. Then we will go on to use it as 
a tool in analyzing the renormalizability of theories with hidden symmetry. 

To identify the effective potential, consider the analogy between quantum 
field theory and statistical mechanics set out in Section 9.3. In that section, 
we derived a correspondence between the correlation functions of a quantum 
field and those of a related statistical system, with quantum fluctuations being 
replaced by thermal fluctuations. At zero temperature the thermodynamic 
ground state is the state of lowest energy, but at nonzero temperature we 
still have a geometrical picture of the preferred thermodynamic state: It is 
the state that minimizes the Gibbs free energy. More explicitly, taking the 
example of a magnetic system, one defines the Helmholtz free energy F(H) 
by 


Z(H) = eF) — fos exp[—6 fax (H[s] — Hs(x))], (11.40) 


where H is the external magnetic field, H[s] is the spin energy density, and 
B = 1/kT. We can find the magnetization of the system by differentiating 
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= z fe [Pss exp[-8 fax (H[s]-Hs)| (11.41) 
- few) =M. 


The Gibbs free energy G is defined by the Legendre transformation 
G=F+MH, 


so that it satisfies 
0G OF OH 
am oM + am + 
_ OH OF , \,0H (11.42) 
— OM OH OM 


=H 


(where all partial derivatives are taken with Ø fixed). If H = 0, the Gibbs free 
energy reaches an extremum at the corresponding value of M. The thermo- 
dynamically most stable state is the minimum of G(M). Thus the function 
G(M) gives a picture of the preferred thermodynamic state that is geometrical 
and at the same time includes all effects of thermal fluctuations. 

By analogy, we can construct a similar quantity in a quantum field theory. 
For simplicity, we will work in this section only with a theory of one scalar 
field. All of the results generalize straightforwardly to systems with multiple 
scalar, spinor, and vector fields. 

Consider a quantum field theory of a scalar field ¢, in the presence of an 
external source J. As in Chapter 9, it is useful to take the external source to 
depend on x. Thus, we define an energy functional E[J] by 


Z[J] = et FU) = J Doexp| i | dtz (L[¢] + J9)). (11.43) 


The right-hand side of this equation is the functional integral representation 
of the amplitude (Q|e7*”* |Q), where T is the time extent of the functional 
integration, in the presence of the source J. Thus, E|J] is just the vacuum 
energy as a function of the external source. The functional E[J] is the analogue 
of the Helmholtz free energy, and J is the analogue of the external magnetic 
field. 

In principle, we could now Legendre-transform E[J] with respect to a 
constant value of the source. However, since we have already developed a 
formalism for functional integration and differentiation, it will not be much 
more difficult to work with an external source J(x) that depends on x in an 
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Magnetic System Quantum Field Theory 


x x = (t,x) 
s(x) (x) 

H J(x) 
H(s) L£(9) 
Z(H) Z[J] 
F(H) ELT} 

M palz) 
G(M) -T [ġa] 


Table 11.1. Analogous quantities in a magnetic system and a scalar quantum 
field theory. 


Relation (11.48) implies that, if the external source is set to zero, the 
effective action satisfies the equation 
ô T 0 11.49 
palz) [dea] T MN ( . ) 
The solutions to this equation are the values of (@(z)) in the stable quantum 
states of the theory. For a translation-invariant vacuum state, we will find a 
solution in which ġa is independent of x. Sometimes, Eq. (11.49) will have 
additional solutions, corresponding to localized lumps of field held together 
by their self-interaction. In these states, called solitons, the solution falz) 
depends on 2. 

From here on we will assume, for the field theories we consider, that the 
possible vacuum states are invariant under translations and Lorentz transfor- 
mations.* Then, for each possible vacuum state, the corresponding solution 
ġa will be a constant, independent of x, and the process of solving Eq. (11.49) 
reduces to that of solving an ordinary equation of one variable (ġa). Further- 
more, we know that I is, in thermodynamic terms, an extensive quantity: It 
is proportional to the volume of the spacetime region over which the func- 
tional integral is taken. If T is the time extent of this region and V is its 
three-dimensional volume, we can write 


Tlga] = —(VT) - Ver (Qc). (11.50) 
The coefficient Veg is called the effective potential. The condition that T[ġea] 


has an extremum then reduces to the simple equation 


o 
ggg Veet) = 0. (11.51) 


*Certain condensed matter systems have ground states with preferred orientation; 
see, for example P. G. de Gennes, The Physics of Liquid Crystals (Oxford University 
Press, 1974). 
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Each solution of Eq. (11.51) is a translation-invariant state with J = 0. Equa- 
tion (11.47) implies that T = —E in this case, and therefore that Ve (da), 
evaluated at a solution to (11.51), is just the energy density of the correspond- 
ing state. 

Figure 11.6 illustrates one possible shape for the function V.g(é). The 
local maxima (or, for systems of several fields ¢*, possible saddle points) are 
unstable configurations that cannot be realized as stationary states. The figure 
also contains a local minimum of Veg that is not the absolute minimum; this is 
a metastable vacuum state, which can decay to the true vacuum by quantum- 
mechanical tunneling. The absolute minimum of Veg is the state of lowest 
energy in the theory, and thus the true, stable, vacuum state. A system with 
spontaneously broken symmetry will have several minima of Veg, all with the 
same energy by virtue of the symmetry. The choice of one among these vacua 
is the spontaneous symmetry breaking. 

In drawing Fig. 11.6, we have assumed that we are computing the effec- 
tive potential for a fixed constant background value of @. Under some circum- 
stances, this state does not give the true minimum energy configuration for 
states with a given expectation value of ¢. This mismatch can occur in the 
following way: In a system for which the effective potential for constant back- 
ground fields is given by Fig. 11.6, consider choosing a value of ġa that is 
intermediate between the locally stable vacuum states @, and @3: 


ga = to, + (1 — x)bs, O<2r<l. (11.52) 


The assumption of a constant background field gives a large value of the 
effective potential, as indicated in the figure. We can obtain a lower-energy 
configuration by considering states with macroscopic regions in which (6) = ġı 
and other regions in which (¢) = ¢3, in such a way that the average value of 
(@) over the whole system is œ.. For such a configuration, the average vacuum 
energy is given by 


Vert (Ga) = Ver (Q1) + (1 — ©) Ver($s), (11.53) 


as shown in Fig. 11.7. We have called the left-hand side of this equation 
Ver (Ga) because the result (11.53) would be the result of an exact evaluation 
of the functional integral definition of Veg for values of ġa satisfying (11.52). 
The interpolation (11.53) is the field theoretic analogue of the Maxwell con- 
struction for the thermodynamic free energy. In general, for any ġe, ¢1, 3 
satisfying (11.52), the estimate (11.53) will be an upper bound to the effective 
potential; we say that the effective potential is a convex function of ¢q. 
Just as in thermodynamics, straightforward schemes for computing the 
effective potential do not take account of the possibility of phase separation 
and so lead to a structure of unstable and metastable configurations of the 


+The convexity of the Gibbs free energy is a well-known exact result in statisti- 
cal mechanics; see, for example, D. Ruelle, Statistical Mechanics (W. A. Benjamin, 
Reading, Mass., 1969). 
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Figure 11.6. A possible form for the effective potential in a scalar field the- 
ory. The extrema of the effective potential occur at the points dg) = $1, $2, 3- 
The true vacuum state is the one corresponding to ¢1. The state 2 is unsta- 
ble. The state ¢3 is metastable, but it can decay to 6, by quantum-mechanical 
tunneling. 


Figure 11.7. Exact convex form of the effective potential for the system of 
Fig. 11.6. 


type shown in Fig. 11.6. The Maxwell construction must be performed by 
hand to yield the final form of Veg(@c1). Fortunately, the absolute minimum 
of Veg is not affected by this nicety. 

We have now solved the problem that we posed at the beginning of this 
section: The effective potential, defined by Eqs. (11.47) and (11.50), gives an 
easily visualized function whose minimization defines the exact vacuum state 
of the quantum field theory, including all effects of quantum corrections. It is 
not obvious from these definitions how to compute Ver(da). We will see how 
to do so in the next section, by direct evaluation of the functional integral. 
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11.4 Computation of the Effective Action 


Now that we have defined the object whose minimization gives the exact 
vacuum state of a quantum field theory, we must learn how to compute it. 
This can be done in more than one way. The simplest method, which we will 
use here, requires that we be bold enough to evaluate the complete effective 
action I directly from its functional integral definition. After computing T, 
we can obtain Veg by specializing to constant values of dq.? 

Our plan is to find a perturbation expansion for the generating functional 
Z, starting with its functional integral definition (11.43). We will then take the 
logarithm to obtain the energy functional Æ, and finally Legendre-transform 
according to Eq. (11.47) to obtain T. We will use renormalized perturbation 
theory, so it is convenient to split the Lagrangian as we did in Eq. (10.18), 
into a piece depending on renormalized parameters and one containing the 
counterterms: 


L= Li+ ôL. (11.54) 


We wish to compute T as a function of ġe. But the functional ZIJ] depends 
on ġa through its dependence on J. Thus, we must find, at least implicitly, a 
relation between J(x) and gals). At the lowest order in perturbation theory, 
that relation is just the classical field equation: 


ôL 
ô% o=¢e1 


Let us define J,(x) to be whatever function satisfies this equation exactly, 
when £ = £: 


+ J(z)=0 (to lowest order). 


81 
óg 


We will think of the difference between J and J; as a counterterm, analogous 
to óL, so we write 


+ J(z)=0 (exactly). (11.55) 
¢=¢cl 


Ja) = I(x) + 6 (2), (11.56) 
where óJ is determined, order by order in perturbation theory, by the original 


definition (11.46) of ġa, namely (d(x)) , = da(z). 
Using this notation, we rewrite Eq. (11.43) as 


e-iEIJ] — J Do ei S Pelle) i fdele), (11.57) 


The second exponential contains the counterterms; leave this aside for the 
moment. In the first exponential, expand the exponent about ¢, by replacing 


This method is due to R. Jackiw, Phys. Rev. D9, 1686 (1974). 
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O(a) = d(x) + n(x). This exponent takes the form 


faeces + Jo) = [aetCale + Jiga) + [ino + ji) 
& Ly 


F I J da dy SoH Ee) 
ELi 


1 A, 44,, 74 
+g [Cody enlewn sre gers to 
(11.58) 
where the various functional derivatives of £; are evaluated at ¢,i(a). Notice 
that the term linear in 7 vanishes by the use of Eq. (11.55). The integral 
over ņ is thus a Gaussian integral, with the cubic and higher terms giving 
perturbative corrections. 

We will describe a formal evaluation of this integral, following the prescrip- 
tions of Section 9.2. The ingredients in this evaluation will be the coefficients 
of Eq. (11.58), that is, the successive functional derivatives of £1. For the mo- 
ment, please accept that these give well-defined operators. After presenting a 
general expression for T|ġa], we will carry out this calculation explicitly in a 
scalar field theory example. We will see in this example that the formal oper- 
ators correspond to expressions familiar from Feynman diagram perturbation 
theory. 

Let us, then, consider performing the integral over n(a#) using the expan- 
sion (11.58). Keeping only the terms up to quadratic order in 7, and still 
neglecting the counterterms, we have a pure Gaussian integral, which can be 
evaluated in terms of a functional determinant: 


[Pn exrli( [ieta tn San) 


= exp[i [(Lildal + Juda)] (aet [ ELE (11.59) 

= exp |? 11@cl] + 41et (de 5056 . G 
This functional determinant will give us the lowest-order quantum correction 
to the effective action, and for many purposes it is unnecessary to go further 
in the expansion (11.58). Later we will see that if we do include the cubic 
and higher terms in 7, these produce a Feynman diagram expansion of the 
functional integral (11.57) in which the propagator is the operator inverse 


~( 55)" (11.60) 


and the vertices are the third and higher functional derivatives of £. 

Finally, let us put back the effects of the second exponential in Eq. (11.57), 
that is, the counterterm Lagrangian. It is useful to expand this term about 
ọ = ba, writing it as 


(6L[dei] + Jea) + (6Llpa + n] = 6L[ ber} + 6Jn). (11.61) 


372 Chapter 11 Renormalization and Symmetry 


The second term of (11.61) can be expanded as a Taylor series in 7; the 
successive terms give counterterm vertices which can be included in the afore- 
mentioned Feynman diagrams. The first term is a constant with respect to the 
functional integral over 7, and therefore gives additional terms in the exponent 
of Eq. (11.59). 

Combining the integral (11.59) with the contributions from higher-order 
vertices and counterterms, one can obtain a complete expression for the func- 
tional integral (11.57). We will see in the example below that the Feynman 
diagrams representing the higher-order terms can be arranged to give the ex- 
ponential of the sum of connected diagrams. Thus one obtains the following 
expression for E{J]: 


OL) 
dpb 
+ (connected diagrams) + i fata(6e\ea + 6S ba). 


~iB(I] =i fit'x( £4 [6] + Jigar) — 5 tox det [- 


(11.62) 


From this equation, T follows directly: Using Jı + 6J = J and the Legendre 
transform (11.47), we find 


6 Li ] 
dpb 
—i-(connected diagrams) + [es 6L ideal. (11.63) 


Téa] = [es Lalal + ‘log det |- 


Notice that there are no terms remaining that depend explicitly on J; thus, 
I is expressed as a function of da, as it should be. The Feynman diagrams 
contributing to ['[¢.)] have no external lines, and the simplest ones turn out 
to have two loops. The lowest-order quantum correction to T is given by the 
functional determinant, and this term is all that we will make use of in this 
book. 

The last term of (11.63) provides a set of counterterms that can be used 
to satisfy the renormalization conditions on T and, in the process, to cancel di- 
vergences that appear in the evaluation of the functional determinant and the 
diagrams. We will show in the example below exactly how this cancellation 
works. The renormalization conditions will determine all of the counterterms 
in 6£. However, the formalism we have constructed contains a new counter- 
term 6J. That coefficient is determined by the following special criterion: In 
Eq. (11.55), we set up our analysis in such a way that, at the leading order, 
($) = ġa. Potentially, however, this relation could break down at higher or- 
ders: The quantity (¢) could receive additional contributions from Feynman 
diagrams that might shift it from the value ġa. This will happen if there are 
nonzero tadpole diagrams that contribute to (7). But this amplitude also re- 
ceives a contribution from the counterterm (6J7) in (11.61). Thus we can 
maintain (7) = 0, and in the process determine 6J to any order, by adjusting 
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6J to satisfy the diagrammatic equation 


(O= + se) = o. (11.64) 


In practice, we will satisfy this condition by simply ignoring any one-particle- 
irreducible one-point diagram, since any such diagram will be canceled by 
adjustment of 6.7. The removal of these tadpole diagrams, which we needed 
some effort to arrange in Section 11.2, is thus built in here as a natural part 
of the formalism. 


The Effective Action in the Linear Sigma Model 


In Eq. (11.63), we have given a complete, though not exactly transparent, 
evaluation of T|ġa]. Let us now clarify the meaning of this equation, and also 
put it to some good use, by computing I'[¢,)| in the linear sigma model. We 
will see that the results that we obtained by brute-force perturbation theory 
in Section 11.2 emerge much more naturally from Eq. (11.63). 
We begin again with the Lagrangian (11.5): 

L= 5 (8,0)? + PO ~ FU?) (11.65) 
Expand about the classical field: ¢’ = ¢!, + 7’. Because we expect to find a 
translation-invariant vacuum state, we will specialize to the case of a constant 
classical field. This will simplify some elements of the calculation below. In 
particular, according to Eq. (11.50), the final result will be proportional to 
the four-dimensional volume (VT) of the functional intergration. When this 
dependence is factored out, we will obtain a well-defined intensive expression 
for the effective potential. In any event, after this simplification, (11.65) takes 
the form 


E = 50? (64)? ~ ZU)? + 2 = Gio! 
E E (11.66) 
SOD + 50 = SODO + A] + 


+ 


According to Eq. (11.63), we should drop the term linear in 7. 
From the terms quadratic in 7, we can read off 


6L 
6f'6g4 
Notice that this object has the general form of a Klein-Gordon operator. To 


clarify this relation, let us orient the coordinates so that $i points in the Nth 
direction, 


= —0°6 + p25) — ANENE + 264,42]. (11.67) 


pii = (0,0,...,0, ba); (11.68) 
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as we did in Eq. (11.7). Then the operator (11.67) is just equal to the Klein- 
Gordon operator (—0? — m?), where 
$2, u? acting on 7,..., 747}; 
> EEEE ; 11. 
mi { 3A¢7, — u? acting on n (11.69) 
The functional determinant in Eq. (11.63) is the product of the determinants 
of these Klein-Gordon operators: 


det S = [det(8? + (Ad, — p?))] T [det(8? + (3443 — u))]. (11.70) 


It is not difficult to obtain an explicit form for the determinant of a Klein- 
Gordon operator. To begin, use the trick of Eq. (9.77) to write 


log det(8? + m?) = Tr log(6? + m?). 
Now evaluate the trace of the operator as the sum of its eigenvalues: 


Trlog(d? + m?) = X log(—k? +m?) 
k 


=(VT) [Ss log(—k? + m°). (11.71) 


In the second line, we have converted the sum over momenta to an integral. 
The factor (VT) is the four-dimensional volume of the functional integral; we 
have already noted that this is expected to appear as an overall factor in T [ġa]. 
This manipulation gives an integral that can be evaluated in dimensional 
regularization after a Wick rotation: 


4 
J Ea osl + ne Bk log(k + m°) 


_ a [oe 1 
= 8a J (an) (kZ F m?) 


0 1 T(a— $) 1 
= Pato ra oe) 


a=0 


a0 
T(-5) 1 
amar TOR (11.72) 
In the last line, we have used T (a) — 1/a as a — 0. Thus, 
log det(O? + m?) = iT) (m3072 (11.73) 
TA ra M 


Using this result to evaluate the determinant in Eq. (11.63), and choosing 
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Figure 11.8. Feynman diagrams contributing to the evaluation of the effec- 
tive potential of the O(N) linear sigma model: (a) a diagram that is removed 
by (11.64); (b) the first nonzero diagrammatic corrections. 


the counterterm Lagrangian as in Eq. (11.14), we find 


1 r(-5) 
2 (47) 4/2 


1 1 
+ 5 ou $e + gorda (11.74) 


(N YA = p? + (393 = year?) 


Here we have written 2, as a shorthand for (¢',)?. Since the second line of 
this result is the leading radiative correction, we might expect that the result 
has the structure of a one-loop Feynman diagram. Indeed, we see that this 
expression contains Gamma functions and ultraviolet divergences similar to 
those that we found in the one-loop computations of Section 11.2. We will 
show below that this term in fact has exactly the same ultraviolet divergences 
that we found in Section 11.2. These divergences will be subtracted by the 
counterterms in the last line of Eq. (11.74). 

Since the computation of the determinant in Eq. (11.63) gives the effect of 
one-loop corrections, we might expect the Feynman diagrams that contribute 
to Eq. (11.63) to begin in two-loop order. We can see this explicitly for the 
case of the O(N) sigma model. The perturbation expansion described below 
Eq. (11.60) involves the propagator that is the inverse of Eq. (11.67): 


=a, (11.75) 


where m? is given by (11.69). The vertices are given by the terms of order n’ 
and 74 in the expansion of the Lagrangian. Combining these ingredients, we 
find that the leading Feynman diagrams contributing to the vacuum energy 
have the forms shown in Fig. 11.8. The diagram of Fig. 11.8(a) is actually 
canceled by the effects of the counterterm J, as shown in Eq. (11.64). Thus 
the leading diagrammatic contribution to the effective potential comes from 
the two-loop diagrams of Fig. 11.8(b). 
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The result (11.74) is manifestly O(N)-symmetric. From the question that 
we posed at the beginning of Section 11.2, we might have feared that this 
property would be destroyed when we compute radiative corrections about a 
state with spontaneously broken symmetry. But Veg(@<1) is the function that 
we minimize to find the vacuum state, and so it should properly be sym- 
metric, even if the lowest-energy vacuum is asymmetric. In the formalism we 
have constructed here, there is no need to worry. Formula (11.63) is man- 
ifestly invariant, term by term, under the original O(N ) symmetry of the 
Lagrangian. Thus we must necessarily have arrived at an O(N)-symmetric 
result for Veg (Qc). 

Before going on to determine ô, and 6) precisely, we might first check 
that the counterterms in Eq. (11.74) are sufficient to make the expression for 
T'[¢a] finite. The factor '(—d/2) has poles at d = 0,2, 4. The pole at d = 0 is a 
constant, independent of ġe, and therefore without physical significance. The 
pole at d = 2 is an even quadratic polynomial in ġa. The pole at d = 4 is an 
even quartic polynomial in ġa. Thus Eq. (11.74) becomes a finite expression 
in the limit d — 2 if we set 


(1-5) 
ôu = —ACN + 2) (in) + finite 
The expression is finite as d — 4 if we set 
T(2-¢ 
6, = —A\u?(N 42 (2-9) + finite; 
" (47)? 
r(2-2 
6, =A°(N +8) : = + finite. (11.76) 
T 


These expressions agree with our earlier results from Section 11.2, Eqs. (11.33) 
and (11.22), in the limits d — 2 and d — 4 respectively. 

The finite parts of 6, and 6, depend on the exact form of the renormal- 
ization conditions that are imposed. For example, in Section 11.2, we imposed 
the condition (11.16) that the vacuum expectation value of ¢ equals LIVA 
and the additional conditions in (11.17) on the scattering amplitude and field 
strength of the ø. Condition (11.16) is readily expressed in terms of the effec- 
tive potential as 

O Vett 
Ode 


Using the connection between derivatives of T and one-particle-irreducible 
amplitudes, we could write the other two conditions as Fourier transforms to 
momentum space of functional derivatives of '[¢,)]. In this way, it is possi- 
ble in principle to reconstruct the particular renormalization scheme used in 
Section 11.2. 

However, if we want to visualize the modification of the lowest-order re- 
sults that is induced by the quantum corrections, we can apply a renormaliza- 
tion scheme that can be implemented more easily. One such scheme, known as 


(bc = pf) = 0. 
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minimal subtraction (MS), is simply to remove the (1/e) poles (for € = 4 — d) 
in potentially divergent quantities. Normally, though, these (1/e) poles are ac- 
companied by terms involving y and log(47). It is convenient, and no more 
arbitrary, to subtract these terms as well. In this prescription, known as mod- 
ified minimal subtraction or MS (“em-ess-bar”), one replaces 


r(2-4 1 2 2 
SST he ws ~ ar} (< y + log(4m) — log(m )) 


1 
— Gaye C Foster? /M?)), (11.77) 
where M is an arbitrary mass parameter that we have introduced to make the 
final equation dimensionally correct. You should think of M as parametrizing 
a sequence of possible renormalization conditions. The MS renormalization 
scheme usually puts one-loop corrections in an especially simple form. The 
price of this simplicity is that it normally takes some effort to express physi- 
cally measurable quantities in terms of the parameters of the M S expression. 

To apply the MS renormalization prescription to (11.74), we need to 
expand the divergent terms in this equation in powers of e. As an example, 
consider the MS regularization of expression (11.73): 


r$ 1  r(2-2 
aaO = gge 
4 
= a (- — y + log(4r) — log(m?) 4 5) 
4 
| zarj (78m /M®) +5): (11.78) 


Modifying our result (11.74) in this way, we find 


1 Xr 

Vet = — 5H ba + rs 
+ 1 1 

4 (4r)? 


+ BAG = 17)%(los[(9A0 = u/M?] = 3). 1.79) 


(w — 1)(A¢2, — 17)? (log [A93 — 2?) /M?] - 3) 


The effective potential is thus modified to be slightly steeper at large values 
of ġa and more negative at smaller values, as shown in Fig. 11.9. For each 
set of values of u, A, and M, we can determine the preferred vacuum state 
by minimizing Vag(@) with respect to 6.1. The correction to Veg is undefined 
when the arguments of the logarithms become negative, but fortunately the 
minima of Vag occur outside of this region, as is illustrated in the figure. 
Before going on, we would like to raise two questions about this expression 
for the effective potential. The problems that we will raise occur generically in 
quantum field theory calculations, but expression (11.79) provides a concrete 
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Figure 11.9. The effective potential for ¢* theory (N = 1), with quantum 
corrections included as in Eq. (11.79). The lighter-weight curve shows the 
classical potential energy, for comparison. 


illustration of these difficulties. Most of our discussion in the next two chapters 
will be devoted to building a formalism within which these questions can be 
answered. 

First, it is troubling that, while our classical Lagrangian contained only 
two parameters, u and A, the result (11.79) depends on three parameters, of 
which one is the arbitrary mass scale M. A superficial reply to this complaint 
can be given as follows: Consider the change in Veg(ġa) that results from 
changing the value of M? to M? + 6M?. From the explicit form of (11.79), 
we can see that this change is compensated completely by shifting the values 
of u and à, according to 


`? 6M? 
A> A+ pA +8) op 
du? 6M? 


Thus, a change in M? is completely equivalent to changes in the parameters 
p and À. It is not clear, however, why this should be true or how this fact 
helps us understand the dependence of our formulae on M?. 

The second problem arises from the fact that the one-loop correction in 
Eq. (11.79) includes a logarithm that can become large enough to compensate 
the small coupling constant À. The problem is particularly clear in the limit 
u? — 0; then Eq. (11.79) takes the form 


2 
Vet = Zat + gyw +8) (log(àġa/ M?) = 3) + 9 log 3) 
1 4 A? 2 2 3 
= 73a È + aaO + 8) (log(A@2,/M?) — 3) + 910g3)]. (11.81) 
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Where is the minimum of this potential? If we take this expression at face 
value, we find that Veg(é.1) passes through zero when ġe reaches a very small 
value of order 

(47)? | 


2 . 


and, near this point, attains a minimum with a nonzero value of ġa. But 
the zero occurs by the cancellation of the leading term against the quantum 
correction. In other words, perturbation theory breaks down completely before 
we can address the question of whether Veg(@e1), for p? = 0, has a symmetry- 
breaking minimum. It seems that our present tools are quite inadequate to 
resolve this case. 

Although it is far from obvious, these two problems turn out to be related 
to each other. One of our major results in Chapter 12 will be an explanation of 
the interrelation of M?, \, and u? displayed in Eq. (11.80). Then, in Chapter 
13, we will use the insight we have gained from this analysis to solve completely 
the second problem of the appearance of large logarithms. Before beginning 
that study, however, there are a few issues we have yet to discuss in the more 
formal aspects of the renormalization of theories with spontaneously broken 
symmetry. 


2 


11.5 The Effective Action as a Generating Functional 


Now that we have defined the effective action and computed it for one partic- 
ular theory, let us return to our goal of understanding the renormalization of 
theories with hidden symmetry. In Section 11.6 we will use the effective ac- 
tion as a tool in achieving this goal. First, however, we must investigate in 
more detail the relation between the effective action and Feynman diagrams. 

We saw in Section 9.2 that the functional derivatives of Z[J}] with respect 
to J(x) produce the correlation functions of the scalar field (see, for example, 
Eq. (9.35)). In other words, Z[J] is the generating functional of correlation 
functions. Our goal now is to show that T[¢ġa] is also such a generating func- 
tional; specifically, it is the generating functional of one-particle-irreducible 
(1PI) correlation functions. Since the 1PI correlation functions figure promi- 
nently in the theory of renormalization, this result will be central in the dis- 
cussion of renormalization in the following section. 

To begin, let us consider the functional derivatives not of Ta], but 
of E[J] = ilog Z[.J]. The first derivative, given in Eq. (11.44), is precisely 
— (ġ(x)). The second derivative is 

CEJ) i if (£+J¢) 
stag =z | Pal Po@ow 


+ ja [Doel oa). f Dac oly) 
= ifø) = (ote) (ow). (11.82) 
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If we were to compute the term (6(x)¢(y)) from Feynman diagrams, there 
would be two types of contributions: 


z-—{_) =y + ae Oy, (11.83) 


where each circle corresponds to a sum of connected diagrams. The second 

term in the last line of Eq. (11.82) cancels the second, disconnected, term of 

(11.83). Thus the second derivative of E[.J] contains only those contributions 

to (d(x) @(y)) that come from connected Feynman diagrams. Let us call this 
object the connected correlator: 
EJI 

TE = ADA) com: (11.84) 


Similarly, the third functional derivative of E[.J] is 


EJ 
TETTE = OAA) = (6(@)6(W)) 8) = HE) A) 


— (A) (0) + 2(4(@)) (6) (6(2))| 
= (9(2)6W) 82) )conn: (11.85) 


In each successive derivative of E[J] all contributions cancel except for those 
from fully connected diagrams. The general formula for n derivatives is 
6" EIJ] 

EJ(x1) EJ (£n) 


We therefore refer to E[J] as the generating functional of connected correlation 
functions. 

So much for E[J]. Now what about the functional derivatives of the ef- 
fective action? Consider first the derivative of Eq. (11.48) with respect to 


J(y): 


= (i)"*" (p(x1) lEn) conn: (11.86) 


T | 
8J (y) Spal) — 


We can rewrite the left-hand side of this equation using the chain rule, to 


obtain 
_ palz) 6°T 
êle- y) = / Le SIO) aE 


_ [ote &E oT 
EJ (y)6I(z) bdbc1(z)6be1(z) 


8E er 
= . 11. 
(G). (sm). (11.87) 


In the second line we have used Eq. (11.44). The last line is an abstract repre- 
sentation of the second line, where we think of each of the second derivatives as 


d(x — y). 
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an infinite-dimensional matrix, with the integral over z represented by matrix 
multiplication. What we have shown is that these two matrices are inverses 


of each other: i 
&E Er Ny 

= . 11.88 

(sa) (aos) ( ) 


Now according to Eq. (11.84), the first of these matrices is —i times the 
connected two-point function, that is, the exact propagator of the field ¢. Let 
us call this propagator D(z, y): 


&E , Lip 
Gane = —1(6(€)$(Y)) conn = —#D (a, y). (11.89) 


We will therefore refer to the other matrix (times —i) as the inverse propaga- 


tor: 
eer aa 
(tena) =” (79). (11.90) 


This provides an interpretation, of sorts, for the second functional derivative 
of the effective action. This interpretation becomes more concrete if we go 
to momentum space. On a translation-invariant vacuum state (one with ¢q 
constant), the matrix D(x, y) must be diagonal in momentum: 


D(x, y) = | gieo) (11.91) 


We showed in Eq. (7.43) that the momentum-space propagator D(p) is a 
geometric series in one-particle-irreducible Feynman diagrams. The Fourier 
transform of D~'(z,y) then gives the inverse propagator: 


D-'(p) = ~i(p? — m? — M?(p*)), (11.92) 


where M?(p) is the sum of one-particle-irreducible two-point diagrams. 
To evaluate higher derivatives of the effective action we again use the 
chain rule, 


ô tw Sdai(w) =i w D(z, w 
JE Jr” 5I(2) salu = sai fa D( a y? (11.93) 


together with the standard rule for Menata matrix inverses: 


ð ðM 
Ba O5 -M aa 


Applying these identities to Eq. (11.88), we find (with some abbreviated no- 
tation) 


&EJJ 4 ê 8? 1 
nein al D( < 
5TnbIy oT =: f d w D(z,w) gaa (az) 


. . ST . 
= ifaw Daw (-1) [atu fato( iDzu) )Spaeaasea | i Doy) 


Mt, (11.94) 
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ST 

_—; [g4 4n 44 

= ifa ud'vd w DruDyoDzw spdoglsgl (11.95) 
This relation is more clearly expressed diagrammatically. The left-hand side 
is the connected three-point function. If we extract exact propagators as in- 
dicated in (11.95), this decomposes as follows: 


In this picture, each dark gray circle represents the sum of connected diagrams, 
while the light gray circle on the right-hand side represents the third derivative 
of iI gu]. We see that the third derivative of il[¢ġa] is just the connected 
correlation function with all three full propagators removed, that is, the one- 
particle-irreducible three-point function: 
iT 
dba(r)baly)ba(z) (b(x) O(y) O(z)) py . 


By similar, if increasingly complicated, manipulations, one can derive the 
same relation for each successive derivative of I. For example, differentiating 
Eq. (11.95), we eventually find (using matrix notation with repeated indices 
implicitly integrated over) 


~it E i6'T 
Dy Drt Dy Dey | L 
6 TwoSrbSTy6S, ey dG 6b7 6b 6 ee 
iT iT 


Dor t< . 
oneg rigig t CONE] 


Since the left-hand side of this equation is the connected four-point function, 
we can rewrite it diagrammatically as 


+ (crosses) 
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As above, the dark gray circles represent the sum of connected diagrams, while 
the light gray circles represent i times various derivatives of I’. Subtracting 
the last three terms from each side removes all one-particle reducible pieces 
from the connected four-point function and so identifies the fourth derivative 
of iT as the one-particle-irreducible four-point function. The general relation 
(for n > 3) is 


6" [baa] _ 
6ba(£1)---d¢ci(tn) 


In other words, the effective action is the generating functional of one-particle- 
irreducible correlation functions. 

This conclusion implies that I contains the complete set of physical pre- 
dictions of the quantum field theory. Let us review how this information is 
encoded. The vacuum state of the field theory is identified as the minimum 
of the effective potential. The location of the minimum determines whether 
the symmetries of the Lagrangian are preserved or spontaneously broken. The 
second derivative of I is the inverse propagator. The poles of the propagator, 
or the zeros of the inverse propagator, give the values of the particle masses. 
Thus the particle masses m? are determined as the values of p* that solve the 
equation 


i ($(x1); -- @(2n))ipr- (11.96) 


ET 
psp 
The higher derivatives of T are the one-particle-irreducible amplitudes. These 
can be connected by full propagators and joined together to construct four- 
and higher-point connected amplitudes, which give the S-matrix elements. 
Thus, from the knowledge of T, we can reconstruct the qualitative behavior 
of the quantum field theory, its pattern of symmetry-breaking, and then the 
quantitative details of its particles and their interactions. 


D-\(p?) = [as eh EV —— (x,y) = 0. (11.97) 
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In our analysis of the divergences of quantum field theories (especially in the 
paragraph below Eq. (10.4)), we noted that the basic divergences of Feyn- 
man integrals are associated with one-particle-irreducible diagrams. Thus we 
might expect that the effective action will be a useful object in discussing 
the renormalizability of quantum field theories, especially those with spon- 
taneously broken symmetry. In this section we will make use of the effective 
action in precisely this way. 

In Section 11.4, we saw in a particular example that the formalism for 
calculating the effective action provides the counterterms needed to remove 
the ultraviolet divergences, at least at the one-loop level. These counterterms 
were exactly those of the original Lagrangian. We will now argue that this 
set of counterterms is always sufficient—to all orders and for any renormaliz- 
able field theory—by applying the power-counting arguments of Section 10.1 
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directly to the computation of the effective action. We will use the language 
of scalar field theories, but the arguments can be generalized to theories of 
spinor and vector fields. 

Consider first the computation of the effective potential for constant (a- 
independent) classical fields, in a field theory with an arbitrary number of 
fields ¢'. The effective potential has mass dimension 4, so we expect that 
Ver (ġa) will have divergent terms up to A‘. To understand these divergences, 
expand Vef (a) in a Taylor series: 

Verla) = Ao + AF daph + Ay OSLO +o 

In theories without a symmetry ¢’ — —¢', there might also be terms lin- 
ear and cubic in ¢'; we omit these for simplicity. The coefficients Ag, A2, Ag 
have mass dimension, respectively, 4, 2, and 0; thus we expect them to con- 
tain Af, AŽ, and log A divergences, respectively. The power-counting analysis 
predicts that all higher terms in the Taylor series expansion should be finite. 
The constant term Ag is independent of ġe; it has no physical significance. 
However, the divergences in Az and Ay appear in physical quantities, since 
these coefficients enter the inverse propagator (11.90) and the irreducible four- 
point function (11.96) and therefore appear in the computation of S-matrix 
elements. There is one further coefficient in the effective action that has non- 
negative mass dimension by power counting; this is the coefficient of the term 
quadratic in Ing, which appears when the effective action is evaluated for a 
nonconstant background field: 


AT |¢ci] = J d'z BY 0.640" 63). (11.98) 


All other coefficients in the Taylor expansion of the effective action in powers 
of $i are finite by power counting. 

We can now argue that the counterterms of the original Lagrangian suffice - 
to remove the divergences that might appear in the computation of Tiga]. 
The argument proceeds in two steps. We first use the BPHZ theorem to argue 
that the divergences of Green’s functions can be removed by adjusting a set 
of counterterms corresponding to the possible operators that can be added 
to the Lagrangian with coefficients of mass dimension greater than or equal 
to zero. The coefficients of these counterterms are in 1-to-1 correspondence 
with the coefficients Ay, Ay, and By of the effective action. Next, we use the 
fact that the effective action is manifestly invariant to the original symmetry 
group of the model. This is true even if the vacuum state of the model has 
spontaneous symmetry breaking. This symmetry of the effective action follows 
from the analysis of Section 11.4, since the method we presented there for 
computing the effective action is manifestly invariant to the original symmetry 
of the Lagrangian. Combining these two results, we conclude that the effective 
action can always be made finite by adjusting the set of counterterms that 
are invariant to the original symmetry of the theory, even if this symmetry is 
spontaneously broken. By using the results of Section 11.5, which explain how 
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to construct the Green’s functions of the theory from the functional derivatives 
of the effective action, this conclusion of renormalizability extends to all the 
Green’s functions of the theory. 

To make this abstract argument more concrete, we will demonstrate in a 
simple example how the functional derivatives of the effective action yield a 
set of Feynman diagrams whose divergences correspond to symmetric coun- 
terterms. Let us, then, return once again to the O(.N)-invariant linear sigma 
model and compute the second functional derivative of [dé]. If the whole for- 
malism we have constructed hangs together, we should be able to recognize 
the result as the Feynman diagram expansion of the inverse propagator, with 
divergences corresponding to the counterterms of O(N )-symmetric scalar field 
theory. 

To begin, we write out expression (11.63) explicitly for this model: 


Pda] = LAE sapa) + 5H D? _ * (ei? + “ logdet|-iD") +. `), 
(11.99) 
where 
aip = ÂE = P8 + (MOE)? p) 8 + 2ga le). (11.100) 
g p Epi 7 al u cl cl . ` 


For constant gii Dİ is the operator that, acting on a given component of 
the scalar field, equals the Klein-Gordon operator with mass squared given by 
Eq. (11.69). This is the leading-order approximation to the inverse propagator 
of the linear sigma model. 

To find the higher-order corrrections to the inverse propagator, we must 
compute the second functional derivative of the quantum correction terms in 
T'[éa]. From (11.99), we find 


Er _ EL 4! & 
SHi(x)bb(y) SG (x)5d2,(y) 2 5G, (x) 542, (y) 


The first term is just the Klein-Gordon operator iD” (æ — y). To compute 
the second term, use identity (9.77) for determinants of matrices: 


log det[—tD] +---. 


oM 


ð o ð _ “4 
Ja log det M (a) = a trlog M(a) = tr M Fa 


(11.101) 


Using this identity, we find 
i ê 

2 5ah (2) log det|—iD] 

= iTr [A (HEE + iale)" + 92,28") ID) (z, 2) 


= —A( oh (2)8" + Eala) + o8\(2)6* (D(z, 2). (11.102) 
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The quantity (D~')7(x, y) is the Klein-Gordon propagator. To differentiate 
a second time, we can use the identity (11.94); this yields 
i 6? 
2 668 (e)óda (w) 
A(S 4 66) + 659") ( DH (z, 2)6(z — w) 
+ Bid? (GAE + Su (z)O™ + 64 (z)6")(D1)™(z,w) 
(Per(2)5™ + pa (Z)O"’ + pal)" (DTI (w, z). (11.103) 


log det[—iD] 


This is expected to be the formal correction to the inverse propagator at one- 
loop order, and indeed we can recognize in (11.103) the values of the one-loop 


diagrams 
Q -O 


Notice how, in this derivation, every functional derivative on DT! adds an- 
other propagator to the diagram and thus lowers the degree of divergence, in 
conformity with our general arguments in Section 10.1. 

This example illustrates that the successive functional derivatives of T[ġa] 
are computed by a Feynman diagram expansion, with propagators and vertices 
that depend on the classical field. When the classical field is a constant, the 
propagators reduce to ordinary Klein-Gordon propagators and so the BPHZ 
theorem applies. All ultraviolet divergences can be removed from all of the 
amplitudes obtained by differentiating '[¢.] by the use of the most general 
set of mass, vertex, and field-strength renormalizations. At the same time, the 
perturbation theory is manifestly invariant to the symmetry of the original 
Lagrangian, and so the only divergences that appear—and thus the only coun- 
terterms required—are those that respect this symmetry. In general, then, all 
amplitudes of a renormalizable theory of scalar fields invariant under a sym- 
metry group can be made finite using only the set of counterterms invariant 
to the symmetry. This gives a complete and quite satisfactory answer to the 
question posed at the beginning of Section 11.2. 

The computation of the effective action in spatially varying background 
fields has not been analyzed at the level of rigor involved in the proof of 
the BPHZ theorem. However, it is expected that in this situation also, the 
standard set of counterterms for the symmetric theory should suffice. We 
can argue this intuitively by using the fact that the ultraviolet divergences of 
Feynman diagrams are local in spacetime. Thus, to understand the divergences 
of a computation in a background (x) that is smoothly varying, we can 
divide spacetime into small boxes, in each of which a(x) is approximately 
constant, and expand in the derivatives 0,,¢.1(z). In this expansion in powers 
of ð palz), the Taylor series coefficients are functional derivatives of T in a 
constant background, which we know can be renormalized. The conclusion 
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of this intuitive argument has been checked at the two-loop level for several 
nontrivial background field configurations. 

Our general result on the renormalization of theories with spontaneously 
broken symmetry has an important implication for the physical predictions 
of these theories. In a renormalizable field theory, the most basic quantities 
of the theory cannot be predicted, because they are the quantities that must 
be specified as part of the definition of the theory. For example, in QED, the 
mass and charge of the electron must be adjusted from outside in order to 
define the theory. The predictions of QED are quantities that do not appear 
in the basic Lagrangian, for example, the anomalous magnetic moment of 
the electron. In renormalizable theories with spontaneously broken symmetry, 
however, the symmetry-breaking produces a large number of distinct masses 
and couplings, which depend on the relatively small number of parameters of 
the original symmetric theory. After the original parameters of the theory are 
fixed, any additional observable of the theory can be predicted unambiguously. 
For example, in the linear sigma model studied in this chapter, we took the 
values of the four-point coupling À and the vacuum expectation value (@) as 
input parameters; we then calculated the mass of the ø particle in terms of 
these parameters in an unambiguous way. 

There is a general argument that implies that, once we fix the parame- 
ters of the Lagrangian, we must find an unambiguous, finite formula for the 
g mass in ¢* theory, or, more generally, for any additional parameter of a 
renormalizable quantum field theory. In general, this parameter will be deter- 
mined at the classical level in terms of the couplings in the Lagrangian. For 
the example of the g mass in the linear sigma model, this classical relation is 


m— V2d (6) = 0, (11.104) 


where m is the mass of the ø and à gives the four-¢ scattering amplitude 
at threshold. In general, loop corrections will modify this relation, contribut- 
ing some nonzero expression to the right-hand side of this equation. How- 
ever, since Eq. (11.104) is valid at the classical level however the parameters 
of the Lagrangian are modified, it holds equally well when we add counter- 
terms to the Lagrangian and then adjust these counterterms order by order. 
Thus, the counterterms must give zero contributions to the right-hand side of 
Eq. (11.104). Therefore, the perturbative corrections to Eq. (11.104) must be 
automatically ultraviolet-finite. A relation of this type, true at the classical 
level for all values of the couplings in the Lagrangian, but corrected by loop 
effects, is called a zeroth-order natural relation. The argument we have given 
implies that, for any such relation, the loop corrections are finite and consti- 
tute predictions of the quantum field theory. We will see another example of 
such a relation in Problem 11.2. 
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Goldstone’s Theorem Revisited 


As a final application of the effective action formalism, let us return to the 
question of whether Goldstone’s theorem is valid in the presence of quantum 
corrections. Recall that we proved this theorem at the classical level at the end 
of Section 11.1: We showed in (11.13) that, if the Lagrangian has a continuous 
symmetry that is spontaneously broken, the matrix of second derivatives of 
the classical potential V(¢) has a corresponding zero eigenvalue. According 
to Eq. (11.11), this implies that the classical theory contains a massless scalar 
particle, associated with the spontaneously broken symmetry. 

Using the effective action formalism, this argument can be repeated al- 
most verbatim in the full quantum field theory. The effective potential Veg (c1) 
encapsulates the full solution to the theory, including all orders of quantum 
corrections. At the same time, it satisfies the general properties of the classi- 
cal potential: It is invariant to the symmetries of the theory, and its minimum 
gives the vacuum expectation value of ¢. This means that the argument we 
gave in (11.13) works in exactly the same way for Veg as it does for V: If a 
continuous symmetry of the original Lagrangian is spontaneously broken by 
(ġ}, the matrix of second derivatives of Ver(@qa) has a zero eigenvalue along 
the symmetry direction. 

We now argue that, just as at the classical level, the presence of such a zero 
eigenvalue implies the existence of a massless scalar particle. In our discussion 
of the general properties of the effective action, we showed that its second 
functional derivative is the inverse propagator, and that, through Eq. (11.97), 
this derivative yields the spectrum of masses in the quantum theory. Let us 
rewrite Eq. (11.97) for a theory that contains several scalar fields: 


[ae eip (ey) OT -(a,y) = 0 (11.105) 

gtso ~ ? , f 
A particle of mass m corresponds to a zero eigenvalue of this matrix equation 
at p? = m?. Now set p = 0. This implies that we differentiate ['[¢.] with re- 
spect to constant fields. Thus, we can replace I'[¢.] by its value with constant 
classical fields, which is just the effective potential. We find that the quantum 
field theory contains a scalar particle of zero mass when the matrix of second 
derivatives, 


3? Ven 


padha 

has a zero eigenvalue. This completes the proof of Goldstone’s theorem. 

This argument for Goldstone’s theorem illustrates the power of the effec- 
tive action formalism. The formalism gives a geometrical picture of sponta- 
neous symmetry breaking that is valid to any order in quantum corrections. 
As a bonus, it is built up from objects that are renormalized in a simple way. 
This formalism will prove useful in understanding the applications of sponta- 
neously broken symmetry that occur, in several different contexts, throughout 
the rest of this book. 
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Problems 


11.1 Spin-wave theory. 


(a) Prove the following wonderful formula: Let ¢(x) be a free scalar field with prop- 
agator (T¢(x}¢(0)) = D(x). Then 


(Teei) — elD(2)-D(0)), 


(The factor D(0) gives a formally divergent adjustment of the overall normal- 
ization.) 


(b) We can use this formula in Euclidean field theory to discuss correlation functions 
in a theory with spontaneously broken symmetry for T < Tc. Let us consider 
only the simplest case of a broken O(2) or U (1) symmetry. We can write the 
local spin density as a complex variable 


s(x) = s\(a) + is? (x). 
The global symmetry is the transformation 
s(x) = e * s(x). 
If we assume that the physics freezes the modulus of s(x), we can parametrize 
s(x) = Act?) 


and write an effective Lagrangian for the field d(x). The symmetry of the theory 
becomes the translation symmetry 


p(z) > o(@) — a. 


Show that (for d > 0) the most general renormalizable Lagrangian consistent 
with this symmetry is the free field theory 


L= $0(V9)?. 


In statistical mechanics, the constant p is called the spin wave modulus. A rea- 
sonable hypothesis for p is that it is finite for T < Tç and tends to 0 as T — To 
from below. 


(c) Compute the correlation function (s(x)s*(0)). Adjust A to give a physically sen- 
sible normalization (assuming that the system has a physical cutoff at the scale 
of one atomic spacing) and display the dependence of this correlation function 
on x for d = 1,2,3,4. Explain the significance of your results. 


11.2 A zeroth-order natural relation. This problem studies an N = 2 linear 
sigma model coupled to fermions: 


£= 5,0!) + S026? — ACP)? BUA — 9918 +) () 


where ¢° is a two-component field, i = 1, 2. 
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a) Show that this theory has the following global symmetry: 
y 
oa cosa gt — sina ¢”, 
g — sina ¢! + cosa ¢”, (2) 
Y o eter /2 Y. 
Show also that the solution to the classical equations of motion with the mini- 


mum energy breaks this symmetry spontaneously. 


(b) Denote the vacuum expectation value of the field ¢' by v and make the change 
of variables 


p(x) = (w + a(x), x(x). (3) 

Write out the Lagrangian in these new variables, and show that the fermion 
acquires a mass given by 

mp =g v. (4) 

(c) Compute the one-loop radiative correction to m f, choosing renormalization con- 

ditions so that v and g (defined as the pyr vertex at zero momentum transfer) 

receive no radiative corrections. Show that relation (4) receives nonzero correc- 


tions but that these corrections are finite. This is in accord with our general 
discussion in Section 11.6. 


11.3 The Gross-Neveu model. The Gross-Neveu model is a model in two spacetime 
dimensions of fermions with a discrete chiral symmetry: 


L= pippi + 4.9? divs)? 


with ¿ = 1,..., N. The kinetic term of two-dimensional fermions is built from matrices 
4 that satisfy the two-dimensional Dirac algebra. These matrices can be 2 x 2: 


where o* are Pauli sigma matrices. Define 


1 
Pay y =o; 


this matrix anticommutes with the y”. 
(a) Show that this theory is invariant with respect to 
5 
Wi >y Wis 
and that this symmetry forbids the appearance of a fermion mass. 


(b) Show that this theory is renormalizable in 2 dimensions (at the level of dimen- 
sional analysis). 


(c) Show that the functional integral for this theory can be represented in the fol- 
lowing form: 


fo ¿SPec = [oore exp i [eee {tip — opipi — a} 


where a(x) (not to be confused with a Pauli matrix) is a new scalar field with 
no kinetic energy terms. 


(d) 


(e) 


(f) 
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Compute the leading correction to the effective potential for o by integrating over 
the fermion fields ~;. You will encounter the determinant of a Dirac operator; 
to evaluate this determinant, diagonalize the operator by first going to Fourier 
components and then diagonalizing the 2 x 2 Pauli matrix associated with each 
Fourier mode. (Alternatively, you might just take the determinant of this 2 x 2 
matrix.) This 1-loop contribution requires a renormalization proportional to g? 
(that is, a renormalization of g°). Renormalize by minimal subtraction. 


Ignoring two-loop and higher-order contributions, minimize this potential. Show 
that the o field acquires a vacuum expectation value which breaks the symmetry 
of part (a). Convince yourself that this result, does not depend on the particular 
renormalization condition chosen. 


Note that the effective potential derived in part (e) depends on g and N accord- 
ing to the form 


Verlo) = N- f(g?.N). 


(The overall factor of N is expected in a theory with N fields.) Construct a 
few of the higher-order contributions to the effective potential and show that 
they contain additional factors of N~! which suppress them if we take the limit 
N — œ, (g?.N) fixed. In this limit, the result of part (e) is unambiguous. 


Chapter 12 


The Renormalization Group 


In the past two chapters, our main goal has been to determine when, and 
how, the cancellation of ultraviolet divergences in quantum field theory takes 
place. We have seen that, in a large class of field theories, the divergences 
appear only in the values of a few parameters: the bare masses and coupling 
constants, or, in renormalized perturbation theory, the counterterms. Aside 
from the shift in these parameters, virtual particles with very large momenta 
have no effect on computations in these theories. 

The cancellation of ultraviolet divergences is essential if a theory is to 
yield quantitative physical predictions. But, at a deep level, the fact that 
high-momentum virtual quanta can have so little effect on a theory is quite 
surprising. One of the essential features of quantum field theory is locality, that 
is, the fact that fields at different spacetime points are independent degrees of 
freedom with independent quantum fluctuations. The quantum fluctuations 
at arbitrarily short distances appear in Feynman diagram computations as 
virtual quanta with arbitrarily high momenta. In a renormalizable theory, the 
loop integrals over virtual-particle momenta are always dominated by values 
comparable to the finite external particle momenta. But why? It is not easy 
to understand how the quantum fluctuations associated with extremely short 
distances can be so innocuous as to affect a theory only through the values of 
a few of its parameters. 

This chapter begins with a physical picture, due to Kenneth Wilson, that 
explains this unusual and counterintuitive simplification. This picture general- 
izes the idea of the distance- or scale-dependent electric charge, introduced at 
the end of Chapter 7, and suggests that all of the parameters of a renormaliz- 
able field theory can usefully be thought of as scale-dependent entities. We will 
see that this scale dependence is described by simple differential equations, 
called renormalization group equations. The solutions of these equations will 
lead to physical predictions of a completely new type: predictions that, un- 
der certain circumstances, the correlation functions of a quantum field exhibit 
unusual but computable scaling laws as a function of their coordinates. 
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12.1 Wilson’s Approach to Renormalization Theory 


Wilson’s method is based on the functional integral approach to field theory, in 
which the degrees of freedom of a quantum field are variables of integration. In 
this approach, one can study the origin of ultraviolet divergences by isolating 
the dependence of the functional integral on the short-distance degrees of 
freedom of the field.* In this section, we will illustrate this idea in the simplest 
example of ¢* theory. 

To make our analysis more concrete, we will drop the elegant but some- 
what mysterious method of dimensional regularization in this section and 
instead use a sharp momentum cutoff. Since we will be working here only in 
¢* theory, we will not be concerned that this cutoff makes it difficult to satisfy 
Ward identities. Wilson’s analysis can be adapted to QED and other situa- 
tions where this subtlety is important, but the case of ¢* theory is sufficient 
to give us the basic qualitative results of this approach. 

In Section 9.2, we constructed the Green’s functions of ¢4 theory in terms 
of a functional integral representation of the generating functional Z[J]. The 
basic integration variables are the Fourier components of the field (k), so 
Z[J] is given concretely by the expression 


Z[J] = J Do ift — (n J dge) el [e+Jo (12.1) 


To impose a sharp ultraviolet cutoff A, we restrict the number of the integra- 
tion variables displayed in (12.1). That is, we integrate only over $(k) with 
|k] < A, and set d(k) =0 for |k] > A. 

This modification of the functional integral suggests a method for assess- 
ing the influence of the quantum fluctuations at very short distances or very 
large momenta. In the functional integral representation, these fluctuations 
are represented by the integrals over the Fourier components of ¢ with mo- 
menta near the cutoff. Why not explicitly perform the integrals over these 
variables? Then we can compare the result to the original functional integral, 
and determine precisely the influence of these high-momentum modes on the 
physical predictions of the theory. 

Before beginning this analysis, though, we must introduce one modifica- 
tion. At first sight, it seems most natural to define the ultraviolet cutoff in 
Minkowski space. However, a cutoff k? < A? is not completely effective in con- 
trolling large momenta, since in lightlike directions the components of k can 
be very large while k? remains small. We will therefore consider the cutoff to 
be imposed on the Euclidean momenta obtained after Wick rotation. Equiv- 
alently, we consider the Euclidean form of the functional integral, presented 
in Section 9.3, and restrict its variables (k), with k Euclidean, to |k| < A. 


*Wilson’s ideas are reviewed in K. G. Wilson and J. Kogut, Phys. Repts. 12C, 
75 (1974). 
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The transition to Euclidean space also brings us closer to the connec- 
tion between renormalization theory and statistical mechanics advertised in 
Chapter 8. As we saw in Section 9.3, the Euclidean functional integral for ¢+ 
theory has precisely the same form as the continuum description of the statis- 
tical mechanics of a magnet. The field é(x) is interpreted as the fluctuating 
spin field s(x). A real magnet is built of atoms, and the atomic spacing pro- 
vides a physical cutoff, a shortest distance over which fluctuations can take 
place. The cut-off functional integral models the effects of this atomic size in 
a crude way. 

By pursuing this analogy, we can derive some physical intuition about the 
effects of the ultraviolet cutoff in a field theory. In a magnet, it is quite easy 
to visualize statistical fluctuations of the spins at the atomic scale. In fact, for 
values of the temperature away from any critical points, the statistical fluc- 
tuations are restricted to this scale; over distances of tens of atomic spacings, 
the magnet already shows its homogeneous macroscopic behavior. We have 
seen in Chapter 8 that we can approximate the correlation function of the 
spin field by the propagator of a Euclidean ¢* theory. In this approximation, 


dék etk 1 
(s(2)s(0)) = J (Qn)! b+ m? je> 4m IP? 


eo mel, (12.2) 


As long as the temperature is far from the critical temperature, the size of the 
“mass” m is determined by the one natural scale in the problem, the atomic 
spacing. Thus, we expect m A. In our field theory calculations, we were 
specifically interested in the situation where m < A, and we adjusted the 
parameters of the theory to satisfy this condition. In describing a magnet, it 
appears that no such adjustment is called for. 

However, we saw in Chapter 8 that there is one circumstance in which 
the correlations of the spin field are much longer than the atomic spacing, so 
that, indeed, m < A. When the spin system begins to magnetize, just in the 
vicinity of the critical point, the spins become correlated over arbitrarily long 
distances as the fluctuating spins attempt to choose their eventual direction of 
magnetization. To study these long-range correlations in a magnet, one must 
carefully adjust the temperature to bring the system into the vicinity of the 
phase transition. In the same way, we can imagine making a fine adjustment of 
the parameter m of ¢* theory to bring the quantum field theory into a region 
of parameters where we do find correlations of the field (x) over distances 
much larger than 1/A. 


Integrating Over a Single Momentum Shell 


With this introduction, we will now carry out the integration over the high- 
momentum degrees of freedom of ¢. We begin by writing the functional in- 
tegral (12.1) more explicitly for the case of ¢* theory. We apply the cutoff 


396 Chapter 12 The Renormalization Group 


prescription described earlier, and set J = 0 for simplicity. Then 


Z= | (Dols exp( [ate[5 (0.0) ' Img + 26']), (12.3) 
where 
[Dola = [| dok). - (12.4) 
|k|<A 


In the Lagrangian of Eq. (12.3), m and À are the bare parameters, and so there 
are no counterterms. As in our study of the superficial degree of divergence, it 
will be useful to carry out this analysis in an arbitrary spacetime dimension d. 

We now divide the integration variables ¢(k) into two groups. Choose a 
fraction b < 1. The variables ¢(k) with bA < |k| < A are the high-momentum 
degrees of freedom that we will integrate over. To label these degrees of free- 
dom, let us define 


Ak) = o(k) for bA < |k] < A; 
otk) f otherwise. 
Next, let us define a new ¢(k), which is identical to the old for |k| < bA and 


zero for |k| > bA. Then we can replace the old ¢ in the Lagrangian with $+ 4, 
and rewrite Eq. (12.3) as 


z= [Do [D exp(- fate[ (od + 48)? + m%(o+ 4)? + 316+ 9)4]) 
- fr e SE) [Ps op(- fet'e[5,0) + sme? 
+r(5o°b + 7076? + 266° + *))): (12.5) 


In the final expression we have gathered all terms independent of ¢ into L(¢@). 
Note that quadratic terms of the form bd vanish, since Fourier components 
of different wavelengths are orthogonal. 

The next few paragraphs will explain how to perform the integral over Q. 
This integration will transform (12.5) into an expression of the form 


Z= [Deon exp(- [a's Len), (12.6) 


where Leg (¢) involves only the Fourier components ¢(k) with |k| < bA. We 
will see that Lea(d) = £() plus corrections proportional to powers of A. 
These correction terms compensate for the removal of the large-k Fourier 
components d, by supplying the interactions among the remaining ¢(k) that 
were previously mediated by fluctuations of the Q. 

To carry out the integrals over the ọ(k), we use the same method that we 
applied in Section 9.2 to derive Feynman rules. In fact, we will see below that 
the new terms in Leg can be written in a diagrammatic form. In this analysis, 
we treat the quartic terms in (12.5), all proportional to À, as perturbations. 
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Since we are mainly interested in the situation m? < A?, we will also treat 
the mass term jmo? as a perturbation. Then the leading-order term in the 
portion of the Lagrangian involving o is 


d A“ A“ 
feo= | aac wre. (12.7) 


DAS|kI<A 
This term leads to a propagator 


mo fDbe Sak) b(p) _ 1 
[Dee So k2 


(2n)46 (k + p)O(k), (12.8) 


where 


12.9 
0 otherwise. ( ) 


We will regard the remaining @ terms in Eq. (12.5) as perturbations, and 
expand the exponential. The various contributions from these perturbations 
can be evaluated by using Wick’s theorem with (12.8) as the propagator. 

First consider the term that results from expanding to one power of the 
¢°¢? term in the exponent of (12.5). We find 


Nios 1 f dtk 
[eiea ano (1210) 


where the coefficient p is the result of contracting the two b fields: 


baa = At?, (12.11) 


À J dtk 1 d 1—b¢-2 
(27) k? — (4m)4/2T(4) d-2 


bA<|k|<A 


The term (12.10) could just as well have arisen from an expansion of the 
exponential 


exp(- [ate Sue +e `). (12.12) 


We will soon see that the rest of the perturbation series also organizes itself 
into this form. The coefficient u therefore gives a positive correction to the 
m? term in £. 

The higher orders of the perturbation theory in the correction terms can 
be worked out in a similar way. As in our derivation of the standard pertur- 
bation theory for ¢* theory, it is useful to adopt a diagrammatic notation. 
Represent the propagator (12.8) by a double line. This propagator will con- 
nect pairs of fields ob from the various quartic interactions. Represent the fields 
@ in these interactions, which are not integrated over, as single external lines. 
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Then, for example, the contribution of (12.10) corresponds to the following 


diagram: 


At order \?, we will have, among other contributions, terms involving the 
contractions of two interaction terms àġ?¢?. Each term corresponds to a ver- 
tex connecting two single lines and two double lines. There are two possible 


contractions: 
2 
( ( ) ) CX (12.13) 


Of these, the first, which is a disconnected diagram, supplies the order-A? 
term in the exponential (12.12). The second is a new contribution, which will 
become a correction to the ¢* interaction in L(¢). 

Let us now evaluate this second contribution. For simplicity, we consider 
the limit in which the external momenta carried by the factors @ are very 
small compared to bA, so we can ignore them. Then this diagram has the 
value 


-g [ance (12.14) 
where 

2r\2 dk 7 1y2 —3 (1-644 
c= 415 (4) J d ( ) __ 8 ( ) ya-4 

21\4 (2r)4 \ k2 (4n)4?T(4) d-4 

bA<[k|<A 

3)? 1 

ise log 5 (12.15) 


The 2 in the numerator counts the two possible contractions; there are no 
additional combinatoric factors from counting external legs or vertices. In 
the analysis of ¢* theory in Section 10.2, we encountered a similar diagram, 
integrated over a range of momenta from 0 to A, producing a logarithmic 
ultraviolet divergence. In Wilson’s treatment this divergence is not a pathol- 
ogy but simply a sign that the diagram is receiving contributions from all 
momentum scales. Indeed, it receives an equal contribution from each loga- 
rithmic interval between the momentum scales m and A. We will see below 
that the (finite) contribution to this diagram from each momentum interval 
has a natural physical importance. 

The diagrammatic perturbation theory we have described not only gen- 
erates contributions proportional to ø? and ¢4 but also to higher powers of . 
For example, the following diagram generates a contribution to a ¢° interac- 
tion: 


Pı 2 


x 
p2 [ng (pı + po + p3)? 


O(pı + pe + ps). (12.16) 
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There are also derivative interactions, which arise when we no longer neglect 
the external momenta of the diagrams. A more exact treatment would Taylor- 
expand in these momenta; for instance, in addition to expression (12.14), we 
would obtain terms with two powers of external momenta, which we could 
rewrite as 


1 
-3 frenos (12.17) 


We would also find terms with four, six, and more powers of the momenta 
carried by the ¢. In general, the procedure of integrating out the ¢ generates 
all possible interactions of the fields ọ and their derivatives. 

The diagrammatic corrections can be simplified slightly by resumming 
them as an exponential. We have seen already in (12.13) that our diagram- 
matic expansion generates disconnected diagrams. By the same combinatoric 
argument that we used in Eq. (4.52), we can rewrite the sum of the series as 
the exponential of the sum of the connected diagrams. This leads precisely to 
expression (12.6), with 


Leg = 5 a0)" + im 2 4 Tag + (sum of connected diagrams). (12.18) 


The diagrammatic contributions include corrections to m? and À, as well as 
all possible higher-dimension operators. We can now use the new Lagrangian 
Lee(¢é) to compute correlation functions of the @(k), or to compute S-matrix 
elements. Since the é(k) include only momenta up to bA, the loop diagrams 
in such a calculation would be integrated only up to that lowered cutoff. The 
correction terms in (12.18) precisely compensate for this change. 

One might well be puzzled by the appearance of higher-dimension opera- 
tors in Eq. (12.18). We chose the original Lagrangian of ¢* theory to contain 
only renormalizable interactions. At first sight, it is disturbing that all pos- 
sible nonrenormalizable interactions appear when we integrate out the vari- 
ables ¢. However, we will see below that our procedure actually keeps the 
contributions of these nonrenormalizable interactions under control. In fact, 
our analysis will imply that the presence of nonrenormalizable interactions 
in the original Lagrangian, defined to be used with very large cutoff A, has 
negligible effect on physics at scales much less than A. 


Renormalization Group Flows 


Let us now make a more careful comparison of the new functional integral 
(12.6) and the one we started with (12.3). The most convenient way to do 
this is to rescale distances and momenta in (12.6) according to 


k’ = k/b, x’ = xb, (12.19) 


so that the variable k’ is integrated over |k’| < A. Let us express the explicit 
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form of (12.18) schematically as 


[etre fë (1 +.AZ)(0,0)? + 5 (mn? + Am?)¢? 


1 (12.20) 
+ JOANA + AC(,0)* + ADE +). 
In terms of the rescaled variable x’, this becomes 
1 
ftrt = fex ba a + AZ) (8o)? + +30? + Am?)¢? 
(12.21) 


+50 + Ado + ACH (0G) + ADO! ++- | 
Throughout this analysis, we have treated all terms beyond the first as small 
perturbations. As long as the original couplings are small, this is still a valid 
approximation in treating (12.21). 

The original functional integral led to the propagator (12.8). The new 
action (12.21) will give rise to exactly the same propagator, if we rescale the 
field ¢ according to 


1/2 


g = [bP -4(14 AZ)| g. (12.22) 


After this rescaling, the unperturbed action returns to its initial form, while 
the various perturbations undergo a transformation: 


[ete len — [ate Foo? + img”? 


1 (12.23) 
+ GN Oh + CAS) + D'S +--+]. 
The new parameters of the Lagrangian are 
= (m + Am?)(1+ AZ)~1b7?, 
= (A+ AA) (1 + AZ) btt, (12.24) 


( 
( 
= (C + AC) (1 + AZ), 
= (D + AD)(1 + AZ) 3846, 


and so on. (The original Lagrangian had C = D = 0, but the same equations 
would apply if the initial values of C and D were nonzero.) All of the correc- 
tions, Am?, A), and so on, arise from diagrams and thus are small compared 
to the leading terms if perturbation theory is justified. 

By combining the operation of integrating out high-momentum degrees 
of freedom with the rescaling (12.19), we have rewritten this operation as a 
transformation of the Lagrangian. Continuing this procedure, we could inte- 
grate over another shell of momentum space and transform the Lagrangian 
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further. Successive integrations produce further iterations of the transforma- 
tion (12.24). If we take the parameter b to be close to 1, so that the shells 
of momentum space are infinitesimally thin, the transformation becomes a 
continuous one. We can then describe the result of integrating over the high- 
momentum degrees of freedom of a field theory as a trajectory or a flow in 
the space of all possible Lagrangians. 

For historical reasons, these continuously generated transformations of 
Lagrangians are referred to as the renormalization group. They do not form a 
group in the formal sense, because the operation of integrating out degrees of 
freedom is not invertible. On the other hand, they are most certainly connected 
to renormalization, as we will now see. 

Imagine that we wish to compute a correlation function of fields whose 
momenta p; are all much less than A. We could compute this correlation func- 
tion perturbatively using either the original Lagrangian £, or the effective La- 
grangian Leg obtained after integrating over all momentum shells down to the 
scale of the external momenta p;. Both procedures must ultimately yield the 
same result. But in the first case, the effects of high-momentum fluctuations 
of the field do not show up until we compute loop diagrams. In the second 
case, these effects have already been absorbed into the new coupling constants 
(m, X, etc.), so their influence can be seen directly from the Lagrangian. In 
the first procedure, the large shifts from the original (bare) parameters to the 
values appropriate to low-momentum processes appear suddenly in one-loop 
diagrams, and seem to invalidate the use of perturbation theory. In the sec- 
ond approach, these corrections are introduced slowly and systematically. A 
perturbative treatment is valid at every step as long as the effective coupling 
constants such as AX remain small. 

However, the parameters of the effective Lagrangian may be very different 
from those of the original Lagrangian, since we must iterate the transforma- 
tion (12.24) many times to get from the large momentum A down to the 
momentum scale of typical experiments. Let us therefore look more closely at 
how the Lagrangian tends to vary under the renormalization group transfor- 
mations. 

The simplest case to consider is a Lagrangian in the vicinity of the point 
m= =C=D=---=0, where all the perturbations vanish. We have 
defined our transformation so that this point is left unchanged; we say that 
the free-field Lagrangian 


Lo = 4 (00) (12.25) 


is a fixed point of the renormalization group transformation. 

In the vicinity of Lo, we can ignore the terms Am?, Ad, ete., in the 
iteration equations (12.24) and keep only those terms that are linear in the 
perturbations. This gives an especially simple transformation law: 


m?=m?b-?, X =A, C'=Cbt, D'=Db4*, ete. (12.26) 


Since b < 1, those parameters that are multiplied by negative powers of b 
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grow, while those that are multiplied by positive powers of b decay. If the 
Lagrangian contains growing coefficients, these will eventually carry it away 
from Lo. 

It is conventional to speak of the various terms in the effective Lagrangian 
as a set of local operators that can be added as perturbations to Lo. We call 
the operators whose coefficients grow during the recursion procedure relevant 
operators. The coefficients that die away are associated with irrelevant oper- 
ators. For example, the scalar field mass operator ¢? is always relevant, while 
the ¢* operator is relevant if d < 4. If the coefficient of some operator is mul- 
tiplied by b? (for example, the operator 44 in d = 4), we call this operator 
marginal; to find out whether its coefficient grows or decays, we must include 
the effect of higher-order corrections. 

In general, an operator with N powers of ¢ and M derivatives has a 
coefficient that transforms as 


Cyu = ONGP-DEM -40y y. (12.27) 


Notice that the coefficient is just (dy, m — d), where d n,m is the mass dimension 
of the operator as computed at the end of Section 10.1. In other words, relevant 
and marginal operators about the free theory Lo correspond precisely to super- 
renormalizable and renormalizable interaction terms in the power-counting 
analysis of Section 10.1. 

We can also understand the evolution of coefficients near the free-field 
fixed point using straightforward dimensional analysis. An operator with mass 
dimension d; has a coefficient with dimension (mass)?~“. The natural order 
of magnitude for this mass is the cutoff A. Thus, if dj < d, the perturbation 
is increasingly important at low momenta. On the other hand, if d; > d, the 
relative size of this term decreases as (p/A)“—4 as the momentum p > 0; thus 
the term is truly irrelevant. 

We have now shown that, at least in the vicinity of the zero-coupling 
fixed point, an arbitrarily complicated Lagrangian at the scale of the cutoff 
degenerates to a Lagrangian containing only a finite number of renormaliz- 
able interactions. It is instructive to compare this result with the conclusions 
of Chapter 10. There we took the philosophy that the cutoff A should be dis- 
posed of by taking the limit A — œœ as quickly as possible. We found that 
this limit gives well-defined predictions only if the Lagrangian contains no 
parameters with negative mass dimension. From this viewpoint, it seemed ex- 
ceedingly fortunate that QED, for example, contained no such parameters, 
since otherwise this theory would not yield well-defined predictions. 

Wilson’s analysis takes just the opposite point of view, that any quantum 
field theory is defined fundamentally with a cutoff A that has some physical 
significance. In statistical mechanical applications, this momentum scale is 
the inverse atomic spacing. In QED and other quantum field theories appro- 
priate to elementary particle physics, the cutoff would have to be associated 
with some fundamental graininess of spacetime, perhaps a result of quantum 
fluctuations in gravity. We discuss some speculations on the nature of this 
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Figure 12.1. Renormalization group flows near the free-field fixed point in 
scalar field theory: (a) d > 4; (b) d= 4. 


cutoff in the Epilogue. But whatever this scale is, it lies far beyond the reach 
of present-day experiments. The argument we have just given shows that this 
circumstance explains the renormalizability of QED and other quantum field 
theories of particle interactions. Whatever the Lagrangian of QED was at 
its fundamental scale, as long as its couplings are sufficiently weak, it must 
be described at the energies of our experiments by a renormalizable effective 
Lagrangian. 

On the other hand, we should emphasize that these simple conclusions can 
be altered by sufficiently strong field theory interactions. Away from the free- 
field fixed point, the simple transformation laws (12.26) receive corrections 
proportional to higher powers of the coupling constants. If these corrections 
are large enough, they can halt or reverse the renormalization group flow. They 
could even create new fixed points, which would give new types of A — oo 
limits. 

To illustrate the possible influences of interactions in a relatively simple 
context, let us discuss the renormalization group flows near Lo for the specific 
case of ¢* theory. It is instructive to consider the three cases d > 4, d = 4, and 
d < 4in turn. When d > 4, the only relevant operator is the scalar field mass 
term. Then the renormalization group flows near Lo have the form shown 
in Fig. 12.1(a). The ¢* interaction and possible higher-order interactions die 
away, while the mass term increases in importance. 

In previous chapters, we have always discussed ¢* theory in the limit in 
which the mass is small compared to the cutoff. Let us take a moment to 
rewrite this condition in the language of renormalization group flows. In the 
course of the flow, the effective mass term m’? becomes large and eventually 
comes to equal the current cutoff. For example, near the free-field fixed point, 
after n iterations, m’? = m?b~?", and eventually there is an n such that 
m’? ~ A?. At this point, we have integrated out the entire momentum region 
between the original A and the effective mass of the scalar field. The mass term 
then suppresses the remaining quantum fluctuations. In general, the criterion 
that the scalar field mass is small compared to the cutoff is equivalent to 
the statement that m’? ~ A? only after a large number of iterations of the 
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renormalization group transformation. 

This criterion is met whenever the initial conditions for the renormaliza- 
tion group flow are adjusted so that the trajectory passes very close to a fixed 
point. In principle, the flow could begin far away, along the direction of an ir- 
relevant operator. The original value of m? need not be particularly small, as 
long as this original value is canceled by corrections arising from the diagram- 
matic contributions to Leg. Thus we could imagine constructing a scalar field 
theory in d > 4 by writing a complicated nonlinear Lagrangian, but adjusting 
the original m? so the trajectory that begins at this Lagrangian eventually 
passes close to the free-field fixed point £o. In this case, the effective theory at 
momenta small compared to the cutoff should be extremely simple: It will be 
a free field theory with negligible nonlinear interaction. As will be discussed in 
the next chapter, this remarkable prediction has been verified in mathemat- 
ical models of magnetic systems in more than four dimensions: Even though 
the original model is highly nonlinear, the correlation function of spins near 
the phase transition has the free-field form given by the higher-dimensional 
analogue of Eq. (12.2). 

Next consider the case d = 4. For this case, Eq. (12.26) does not give 
enough information to tell us whether the ¢* interaction is important or unim- 
portant at large distances. So we must go back to the complete transformation 
law (12.24). The leading contribution to A) is given by Eq. (12.15). The lead- 
ing contribution to AZ is of order A? and can be neglected. (This is just what 
happened with the first correction to 6z in Section 10.2.) Thus we find the 


transformation 
2 


N=r- ka log(1/b). (12.28) 
This says that slowly decreases as we integrate out high-momentum degrees 
of freedom. 

The diagram contributing to the correction AA has the same structure 
as the one-loop diagrams computed in Section 10.2. In fact, these are essen- 
tially the same diagrams, and differ only in whether the integrals are carried 
out iteratively or all at once. However, whereas the diagrams in Section 10.2 
had ultraviolet divergences, the corresponding diagram in Wilson’s approach 
is well defined and gives the coefficient of a simple evolution equation of the 
coupling constant. This transformation gives a first example of the reinterpre- 
tation of ultraviolet divergences that we will make in this chapter. 

The transformation law (12.28) implies that the renormalization group 
flows near Lo have the form shown in Fig. 12.1(b), with one slowly decaying 
direction. If we follow the flows far enough, the behavior should again be that 
of a free field. This picture has the puzzling implication that four-dimensional 
interacting ¢* theory does not exist in the limit in which the cutoff goes to 
infinity. We will discuss this result further—and explain why it nevertheless 
makes sense to use ¢* theory as a model field theory—~in Section 12.3. 

Finally consider the case d < 4. Now à becomes a relevant parameter. 
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Figure 12.2. Renormalization group flows near the free-field fixed point in 
scalar field theory: d < 4. 


The theory thus flows away from the free theory Lo as we integrate out de- 
grees of freedom; at large distances, the ¢* interaction becomes increasingly 
important. However, when à becomes large, the nonlinear corrections such 
as that displayed in Eq. (12.28) must also be considered. If we include this 
specific effect in d < 4, we find the recursion formula 


, 3A? 4-1 ga ana 
= A of. 12.2 
N= A (an@Pr(s) 4—d | (12.29) 


This equation implies that there is a value of À at which the increase due 
to rescaling is compensated by the decrease caused by the nonlinear effect. 
At this value, A is unchanged when we integrate out degrees of freedom. The 
corresponding Lagrangian is a second fixed point of the renormalization group 
flow. In the limit d — 4, the flow (12.29) tends to (12.28) and so the new fixed 
point merges with the free field fixed point. For d sufficiently close to 4, the 
new fixed point will share with Lo the property that the mass parameter m? is 
increased by the iteration. Then the mass operator will be a relevant operator 
near the new fixed point, so that the renormalization group flows will have 
the form shown in Fig. 12.2. 

In this example, the new fixed point of the renormalization group had 
a Lagrangian with couplings weak enough that the transformation equations 
could be computed in perturbation theory. In principle, one could also find 
fixed points whose Lagrangians are strongly coupled, so that the renormal- 
ization group transformations cannot be understood by Feynman diagram 
analysis. Many examples of such fixed points are known in exactly solvable 
model field theories in two dimensions.’ However, up to the present, all of 
the examples of quantum field theories that are important for physical appli- 
cations have been found to be controlled either by the free field fixed point 
or by fixed points, like the one described in the previous paragraph, that ap- 
proach the free-field fixed point in a specific limit. No one understands why 
this should be. This observation implies that Feynman diagram analysis has 


tWe mention some of these examples, and discuss other nonperturbative ap- 
proaches to quantum field theory, in the Epilogue. 
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unexpected power in evaluating the physical consequences of quantum field 
theories. 

One more aspect of ¢* theory deserves comment. Since the mass term, 
m?¢*, is a relevant operator, its coefficient diverges rapidly under the renor- 
malization group flow. We have seen above that, in order to end up at the 
desired value of m? at low momentum, we must imagine that the value of m? 
in the original Lagrangian has been adjusted very delicately. This adjustment 
has a natural interpretation in a magnetic system as the need to sensitively 
adjust the temperature to be very close to the critical point. However, it seems 
quite artificial when applied to the quantum field theory of elementary par- 
ticles, which purports to be a fundamental theory of Nature. This problem 
appears only for scalar fields, since for fermions the renormalization of the 
mass is proportional to the bare mass rather than being an arbitrary addi- 
tive constant. Perhaps this is the reason why there seem to be no elementary 
scalar fields in Nature. We will return to this question in the Epilogue. 


12.2 The Callan-Symanzik Equation 


Wilson’s picture of renormalization, as a flow in the space of possible La- 
grangians, is beautifully intuitive, and gives us a deep understanding of why 
Nature should be describable in terms of renormalizable quantum field theo- 
ries. In addition, however, this idea can be applied to extract further quan- 
titative predictions from these theories. In the remainder of this chapter we 
will develop a formalism for extracting these predictions. Specifically, we will 
see that Wilson’s picture leads to predictions for the form of the high- and 
low-momentum behavior of correlation functions. In the simplest cases, the 
correlation functions turn out to scale as powers of their external momenta, 
with power laws that do not appear at any fixed order of perturbation theory. 

It is possible to derive these predictions directly from Wilson’s procedure 
of integrating out slices in momentum space, as Wilson originally did. How- 
ever, now that we understand the basic idea of renormalization group flows, 
it will be technically easier to work in the more familiar context of ordinary 
renormalized perturbation theory. The discussion of the previous section was 
physically motivated but technically complex. It involved awkward integrals 
over finite domains, and used the artificial parameter b, which must cancel 
out in any final results. Furthermore, we know from Section 7.5 that a cut- 
off regulator leads to even more trouble in QED, since it conflicts with the 
Ward identity. The discussion of the present section will be much more ab- 
stract and formal, but it will remove these technical problems. In this section 
and the next we will derive a flow equation for the coupling constant, similar 
to the one we derived in Section 12.1. To obtain the flows of the most general 
Lagrangians, we will need some additional tools, to be developed in Sections 
12.4 and 12.5. 
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How can we hope to obtain information on renormalization group flows 
from the expressions for renormalized Green’s functions, in which the cutoff 
has already been taken to infinity? We must first realize that renormalized 
quantum field theories correspond to a restricted class of the full set of possible 
Lagrangians that we considered in the previous section. In Wilson’s language, 
a renormalized field theory with the cutoff taken arbitrarily large corresponds 
to a trajectory that takes an arbitrarily long time to evolve to a large value of 
the mass parameter. Such a trajectory must, then, pass arbitrarily close to a 
fixed point, which we will assume to be the weak-coupling fixed point. In the 
slow evolution past this fixed point, the irrelevant operators in the original 
Lagrangian die away, and we are left only with the relevant and marginal 
operators. The coefficients of these operators are in one-to-one correspondence 
with the parameters of the renormalizable field theory. Thus, in working with 
a renormalized field theory, we are throwing away information on the evolution 
of irrelevant perturbations, but keeping information on the flows of relevant 
and marginal perturbations. 

The flows of these parameters cannot be determined from the cutoff de- 
pendence, because, in this framework, the cutoff has already been sent to 
infinity. However, we have an alternative, though more abstract, tool at our 
disposal. The parameters of a renormalized field theory are determined by a 
set of renormalization conditions, which are applied at a certain momentum 
scale (called the renormalization scale). By looking at how the parameters of 
the theory depend on the renormalization scale, we can recover the informa- 
tion contained in the renormalization group flows of the previous section. 

We consider first the specific case of ¢* theory in four dimensions, where 
the coupling constant à is dimensionless and the corresponding operator is 
marginal. For simplicity, we will also assume that the mass term m? has been 
adjusted to zero, so that the theory sits just at its critical point. We will 
perform this analysis in Minkowski space, using spacelike reference momenta. 
However, the analysis would be essentially identical if carried out in Euclidean 
space. If we wish to consider renormalization group predictions at timelike 
momenta, we must consider the possibilities of new singularities which make 
the analysis more complicated. These include both physical thresholds and the 
Sudakov double logarithms discussed in Section 6.4. We postpone discussion 
of these complications until Chapters 17 and 18. 


Renormalization Conditions 


To define the theory properly, we must specify the renormalization conditions. 
In Chapter 10 we used a natural set of renormalization conditions (10.19) for 
¢* theory, defined in terms of the physical mass m. However, in a theory where 
m = 0, these conditions cannot be used because they lead to singularities in 
the counterterms. (Consider, for example, the limit m? — 0 of Eq. (10.24).) 
To avoid such singularities, we choose an arbitrary momentum scale M and 
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impose the renormalization conditions at a spacelike momentum p with p? = 


—M?: 
sary 50 at p= = Me 

d 
g UPD )=0 at pt = 


12.30 
P3 Pa ( ) 


Pı Pe at (pı + p2)? = (pi + ps)” = (pı + pa)? = —M?. 


The parameter M is called the renormalization scale. These conditions define 
the values of the two- and four-point Green’s functions at a certain point and, 
in the process, remove all ultraviolet divergences. Speaking loosely, we say 
that we are “defining the theory at the scale M”. 

These new renormalization conditions take some getting used to. The 
second condition, in particular, implies that the two-point Green’s function 
has a coefficient of 1 at the unphysical momentum p? = —M?, rather than on 
shell (at p? = 0): 


(O| 6(p)6(—p) |) = 5 at p? = —M?. 


Here ¢ is the renormalized field, related to the bare field do by a scale factor 
that we again call Z: 
p = Zl? bo. (12.31) 


This Z, however, is not the residue of the physical pole in the two-point 
Green’s function of bare fields, as it was in Chapters 7 and 10. Instead, we 


now have gy 
(Ql ¢0(p)o(—p) |2) = z at p? = —M?. 


The Feynman rules for renormalized perturbation theory are the same as in 
Chapter 10, with the same relation between Z and the counterterm êz, 


6z=Z-1. 


Now, however, the counterterms 6z and 6, must be adjusted to maintain the 
new conditions (12.30). 

The first renormalization condition in (12.30) holds the physical mass of 
the scalar field fixed at zero. We saw in Chapter 10 that, in ¢4 theory, the 
one-loop propagator correction is momentum-independent and is completely 
canceled by the mass renormalization counterterm. At two-loop order, how- 
ever, the situation becomes more complicated, and the propagator corrections 
require both mass and field strength renormalizations. In more general scalar 
field theories, such as the Yukawa theory example considered at the end of 
Section 10.2, this complication arises already at one-loop order. Since the field 
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strength renormalization counterterm will play an important role in the dis- 
cussion below, it will be helpful to discuss briefly how we will treat this double 
subtraction. 

The evaluation of propagator corrections has some special simplifications 
for the case of a massless scalar field, which we consider here, and specifically 
with the use of dimensional regularization. Consider, for example, the one- 
loop propagator correction in Yukawa theory. In Section 10.2 we found an 


expression of the form 
rag) 
= ( ~ (12.32) 


where A is a linear combination of the fermion mass mp and p*. If we compute 
the diagram using massless propagators only, A is proportional to p?. Expres- 
sion (12.32) has a pole at d = 2, corresponding to the quadratically divergent 
mass renormalization. However, the residue of this pole is independent of p’, 
so we can completely cancel the pole with the mass counterterm óm. This al- 
lows us to analytically continue (12.32) to d = 4. Then this expression takes 
the form 


p (; “Te + log = c), (12.33) 
and gives no additional mass shift but only a field strength renormalization. 
The remaining divergence is canceled by the counterterm 6z. If we adopt the 
rule that we should simply continue expressions of the form (12.32) to d = 4, 
we can forget about the counterterm 6,, altogether. 

In a regularization scheme with a momentum cutoff, the contributions to 
bm and z become tangled up with one another. Then it is more awkward to 
define the massless limit. In the following discussion, we will assume the use 
of dimensional regularization. However, to emphasize the physical role of the 
cutoff, we will write expressions of the form (12.33) as 


—p? (08 + c). (12.34) 


The logarithmically divergent terms proportional to p? will agree with the 
divergences obtained with a momentum cutoff, the constant terms will not 
agree, but these will drop out of our final results. 

In ¢* theory, where the one-loop propagator correction is momentum- 
independent, the one-loop diagram is simply set to zero by this prescription. 
Then the preceding analysis applies to the two-loop and higher correction 
terms. 

The generalization of the analysis of this section to massive scalar field 
theory requires some additional formalism, which we postpone to Section 12.5. 
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The Callan-Symanzik Equation 


In the renormalization conditions (12.30), the renormalization scale M is ar- 
bitrary. We could just as well have defined the same theory at a different 
scale M’. By “the same theory”, we mean a theory whose bare Green’s func- 
tions, 


(Q| TGo(21)d0(#2) +++ Go(#n) |9), 


are given by the same functions of the bare coupling constant Ag and the 
cutoff A. These functions make no reference to M. The dependence on M 
enters only when we remove the cutoff dependence by rescaling the fields 
and eliminating Xo in favor of the renormalized coupling A. The renormalized 
Green’s functions are numerically equal to the bare Green’s functions, up to 
a rescaling by powers of the field strength renormalization Z: 


(2| T6(21) (22) +++ $(an) [2) = Z7 (Q| T$0(a1)b0(x2) +++ Go(an) IQ). 
(12.35) 
The renormalized Green’s functions could be defined equally well at another 
scale W’, using a new renormalized coupling A’ and a new rescaling factor Z’. 
Let us write more explicitly the effect of an infinitesimal shift of M. Let 


GO (z1, Tn) be the connected n-point function, computed in renormalized 
perturbation theory: 
G™ (21, +++, En) = (Q| Tele1) lEn) |) connected « (12.36) 


Now suppose that we shift M by 6M. There is a corresponding shift in the 
coupling constant and the field strength such that the bare Green’s functions 
remain fixed: 
M—M+6M, 
A> A+ 6A, (12.37) 
Then the shift in any renormalized Green’s function is simply that induced 


by the field rescaling, 
G™ — (1+ nén)a™. 


If we think of G™) as a function of M and A, we can write this transformation 
as 


ag) ag) 
(n) OO sy = (n) 
auf OM + py ÔA = nbn. (12.38) 


Rather than writing this relation in terms of 6\ and ôn, it is conventional 
to define the dimensionless parameters 


dG 


M M 
= —6); = ———6n. 12. 
b= FMIS 1 = Feo (12.39) 


Making these substitutions in Eq. (12.38) and multiplying through by M/6M, 
we obtain 


a a 
L g OT — 
[Ma + Bay +n7|G (£1, t, En; M, À) =0. (12.40) 
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The parameters @ and y are the same for every n, and must be independent 
of the z;. Since the Green’s function G™ is renormalized, 8 and y cannot 
depend on the cutoff, and hence, by dimensional analysis, these functions 
cannot depend on M. Therefore they are functions only of the dimensionless 
variable À. We conclude that any Green’s function of massless ¢* theory must 
satisfy 


[M + aA) + nya] OO {2a} M,A) = 0. (12.41) 


This relation is called the Callan-Symanzik equation.! It asserts that there ex- 
ist two universal functions G(A) and (A), related to the shifts in the coupling 
constant and field strength, that compensate for the shift in the renormaliza- 
tion scale M. 

The preceding argument generalizes without difficulty to other massless 
theories with dimensionless couplings. In theories with multiple fields and cou- 
plings, there is a y term for each field and a @ term for each coupling. For 
example, we can define QED at zero electron mass by introducing a renor- 
malization scale as in Eqs. (12.30). The renormalization conditions for the 
propagators are applied at p? = —M?, and those for the vertex at a point 
where all three invariants are of order —M?. Then the renormalized Green’s 
functions of this theory satisfy the Callan-Symanzik equation 

o 


[Mz + Ble) 5, TRO +male)]G™™({a}s Me)=0, (1242) 


where n and m are, respectively, the number of electron and photon fields in 
the Green’s function G0") and y and 3 are the rescaling functions of the 
electron and photon fields. 


Computation of 8 and y 


Before we work out the implications of the Callan-Symanzik equation, let us 
look more closely at the functions 8 and y that appear in it. From their defi- 
nitions (12.39), we see that they are proportional to the shift in the coupling 
constant and the shift in the field normalization, respectively, when the renor- 
malization scale M is increased. The behavior of the coupling constant as a 
function of M is of particular interest, since it determines the strength of the 
interaction and the conditions under which perturbation theory is valid. We 
will see in the next section that the shift in the field strength is also reflected 
directly in the values of Green’s functions. 

The easiest way to compute the Callan-Symanzik functions is to begin 
with explicit perturbative expressions for some conveniently chosen Green’s 
functions. If we insist that these expressions satisfy the Callan-Symanzik equa- 
tion, we will obtain equations that can be solved for 8 and y. Because the 


tC. G. Callan, Phys. Rev. D2, 1541 (1970), K. Symanzik, Comm. Math. Phys. 
18, 227 (1970). 
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M dependence of a renormalized Green’s function originates in the counter- 
terms that cancel its logarithmic divergences, we will find that the 8 and y 
functions are simply related to these counterterms, or equivalently, to the co- 
efficients of the divergent logarithms. The precise formulae that relate 8 and 
y to the counterterms will depend on the specific renormalization prescription 
and other details of the calculational scheme. At one-loop order, however, the 
expressions for 8 and y are simple and unambiguous. 

As a first example, let us calculate the one-loop contributions to @(A) 
and (A) in massless ¢* theory. We can simplify the analysis by working in 
momentum space rather than coordinate space. Our strategy will be to apply 
the Callan-Symanzik equation to the diagrammatic expressions for the two- 
and four-point Green’s functions. 

The two-point function is given by 


GO(p) = ——— + © + —@— + O + 


In massless ¢* theory, the one-loop propagator correction is completely can- 
celed by the mass counterterm. Then the first nontrivial correction to the 
propagator comes from the two-loop diagram and its counterterm, and is of 
order A?. Meanwhile, the four-point function is given by 


K+ Ov X + om 


where we have omitted the canceled one-loop propagator corrections to the 
external legs. The diagrams of order AÌ include nonvanishing two-loop prop- 
agator corrections to the external legs. 

To calculate 8, we apply the Callan-Symanzik equation to the four-point 
function: 


[m2 +80 p 5 H(A) |CO,- pa) =0. (12.43) 


Borrowing our result (10.21) from Section 10.2, we can write G as 


GM = [ià + (iAP [iV(s) + VO) +iV(u)] -i TD 5, 
i=1,..., 
where V(s) represents the loop integral in (10.20). Our renormalization con- 


dition (12.30) requires that the correction terms cancel at s = t =u = —M?. 
The order-A? vertex counterterm is therefore 


1 


T'(2-$) 

— N2 

6 = (-id)?-3V(—M xin 77 aa Jeg T OMAT (12.44) 
0 
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The last expression follows from setting m = 0 and p? = —M? in Eq. (10.23) 
for V (p°). In the limit as d —> 4, Eq. (12.44) becomes 


3° 


1 
ôa = 2(4r)? E ~ad/2 


log M? + finite], (12.45) 


where the finite terms are independent of M. This counterterm gives G™) its 
M dependence: 


Let us assume for the moment that y({A) has no term of order A; we will justify 
this in the next paragraph. Then the Callan-Symanzik equation (12.43) can 
be satisfied to order à? only if the 8 function of ¢* theory is given by 


B(A) = 2 + O(A3). (12.46) 


Next, consider the Callan-Symanzik equation for the two-point function: 
ð o 
M— = (2p) = 0. 12.4 
[Mogg t BO gy + OEP) =0 (12.47) 


Since, to one-loop order, there are no propagator corrections to G®), no de- 
pendence on M or À is introduced to order A. Thus the y function is zero to 
this order: 

y=04+ 0’). (12.48) 


This justifies the assumption made in the previous paragraph. The two-loop 
propagator correction is divergent, and its counterterm contains a term of 
order à? which depends on M. This contributes to the first term in Eq. (12.47). 
Since ô is of order \? and the corrections to GÊ) are of order 4”, the leading 
contributions to the second term in (12.47) are of order à’. Thus y acquires a 
nonzero contribution in order \?. This leading contribution to y is computed 
in Problem 13.2. 

The preceding example illustrates how 8 and y can be calculated in more 
general theories with dimensionless couplings. In such theories, the M depen- 
dence of Green’s functions enters through the field-strength and vertex coun- 
terterms, which are used to subtract the divergent logarithms. The lowest- 
order expressions for 8 and y can be computed directly from these counter- 
terms, or from the coefficients of the divergent logarithms. 

In any renormalizable massless scalar field theory, the two-point Green’s 
function has the generic form 


GP (p) = —— + (loop diagrams) + ——@— + 
i i A? i anni 
=5t 32 (Aloe Z + finite) + asz) at (12.49) 
The M dependence of this expression, to lowest order, comes entirely from 
the counterterm z. Applying the Callan-Symanzik equation to G?? (p), and 
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neglecting the 8 term (which is always smaller by at least one power of the 
coupling constant), we find 


y ð j 
z +2 , 
Mou? 15 =0 


or 
1,, ð 
y= ga? (to lowest order). (12.50) 


To make this result more explicit, note that the counterterm must be 


A2 
éz = Alog M2 + finite 


in order to cancel the divergent logarithm in G?). Thus y is simply the coef- 
ficient of the logarithm: 


y=—-A (to lowest order). (12.51) 


In most theories (e.g., Yukawa theory or QED), the first logarithmic diver- 
gence in 6z occurs at the one-loop level. However, even in $* theory, formulae 
(12.50) and (12.51) are true for the first nonvanishing term in 6z, in this case 
the two-loop contribution.* By replacing the scalar field propagator (i/p) 
with a fermion propagator (i/#), we could repeat this argument line for line 
to compute the y function for a fermion field in terms of its field strength 
counterterm 67. 

We can derive similar expressions for the 8 function of a generic dimen- 
sionless coupling constant g, associated with an n-point vertex. Taking propa- 
gator corrections into account, the full connected Green’s function, to one-loop 
order, has the general form 


(n) tree-level 1PI loop vertex external leg 
G™ = . +{ + + , 
diagram diagrams counterterm corrections 
( 5) ig — iB log M iôg + (—ig) (4 log M ê ) 
=(|[=))-w-: — -i ~ig) X_ (Ai log — ~ 62: 
AP -pP 9 - -p 7 


+ finite terms. (12.52) 


In this expression, p; are the momenta on the external legs, and p? represents 
a typical invariant built from these momenta. We assume that renormaliza- 
tion conditions are applied at a point where all such invariants are spacelike 
and of order —M?. The M dependence of this expression comes from the 
counterterms ôg and 6z;. Applying the Callan-Symanzik equation, we obtain 


a7 (6 -9% bai) + (9) + 1D Magee =0, 


*At one loop, formula (12.33) implies that we can also identify A as the coefficient 
of 2/(4—d) in the 1PI self-energy, in the limit d > 4. This relation changes in higher 
loops. However, Eq. (12.50) remains correct. 
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or 


Big) = ux (-8 g yÈ ôzi) (to lowest order). (12.53) 


To be more explicit, we note that 


A2 
bg = —Blog ~ IP + finite. 


Thus the 8 function is just a combination of the coefficients of the divergent 
logarithms: 
Blg) = -2B-9 y A; (to lowest order). (12.54) 


Notice that the finite parts of counterterms are independent of M and 
therefore never contribute to 8 or y. This means that, to compute the leading 
terms in the Callan-Symanzik functions, we needn’t be too precise in specify- 
ing renormalization conditions: Any momentum scale of order M 2 will yield 
the same results. The divergent parts of the counterterms can be estimated 
simply by setting all invariants inside of logarithms equal to M 2 as we did 
above in our expression for the n-point Green’s function. 

As in the computation of y, this argument can be applied almost without 
change to coupling constants for fields with spin. In Yukawa theory, for ex- 
ample, we consider the three-point function with one incoming fermion, one 
outgoing fermion, and one scalar, with momenta pı, p2, and p3, respectively. 
Then the tree-level expression for the three-point function is 

iil, 

Jy, pZ ig). (12.55) 
The one-loop corrections replace the quantity (—ig) by the expression in 
brackets in Eq. (12.52). Then formulae (12.53) and (12.54) hold also for the 
8 function of this theory. 

Similar expressions also apply in QED, though there are a number of 
small complications. The first comes in computing the y function for the 
photon propagator. In Eq. (7.74), we saw that the general form of the photon 
propagator in Feynman gauge is 


Lv a alba’ 
De (4) = Dia) (0 - ) + SE. (12.56) 
q gq q 

The coefficient of the last term in (12.56) depends on the gauge. Fortunately, 
this term drops out of all gauge-invariant observables. Thus it makes sense 
to concentrate on the first term, projecting all external photons onto their 
transverse components. Projecting the photon propagator, we see that D(q) 
satisfies the Callan-Symanzik equation. Since the corrections to this function 
have the form (12.49), the arguments following that formula are valid for 
photons as well as for electrons and scalars. Thus, to leading order, 


= aM Og aM a Ob, (12.57) 
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where 62 and 63 are the counterterms defined in Section 10.3. 

Similarly, we may consider the three-point connected Green’s function 
(W(p1)b(p2)Au(q)), projected onto transverse components of the photon. At 
leading order, this function equals 


i , i —i qtq” 

(—tey") (0 ). 
A, h? g? 

The divergent one-loop corrections have the same form, with (—ie) replaced 

by logarithmically divergent terms. Thus, Eq. (12.53) gives the lowest-order 

expression for the 8 function: 


Ble) = MA (eb; + e62 + 563). (12.58) 

To find explicit expressions for the Callan-Symanzik functions of QED, 
we must write expressions for the counterterms 6), 62, 63. In Section 10.3, 
we evaluated these counterterms using on-shell renormalization conditions 
with massive fermions. We must now re-evaluate these terms for massless 
fermions and renormalization at —M?. Fortunately, we need only evaluate 
the logarithmically divergent pieces of these counterterms, which are identical 
in the two cases. Reading from Eqs. (10.43) and (10.44), we find 


e T(2-4) ; 
61 = 62 = (4r)? (M2) 172 t finite, 
(12.59) 
a e 4 2-9 | init 
3 = (4m)? 3 (M3272 T Hte. 
Using formulae (12.57) and (12.59), we obtain at leading order 
e? e? 
vle) = iga B= a (12.60) 
And from Eq. (12.58), we find 
e3 
==. 12.61 
ale) = os (12.61) 


It is important to remember that the expression we have used for ô 
explicitly assumes the use of Feynman gauge. In fact, y2 depends on the gauge 
parameter, and this makes sense, because Green’s functions of individual y 
and 7 fields are not gauge invariant. On the other hand, the QED vacuum 
polarization, and therefore y3 and 8, are gauge invariant. 


The Meaning of 8 and y 


We can obtain a deeper insight into the nature of 3 and y by expressing them 
in terms of the parameters of bare perturbation theory: Z, Aj, and A for the 
case of $* theory. 
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First recall that the bare and renormalized field are related by 


o(p) = Z(M)" bolp). (12.62) 
This equation expresses the dependence of the field rescaling on M. If M is 
increased by 6M, the renormalized field is shifted by 
bn = Z(M +6M)-\/?? 
"= FZ (M) 32 


Hence our original definition (12.39) of y gives us immediately 


=Z Z. (12.63) 


Since 6z = Z — 1 (Eq. (10.17)), this formula is in agreement with (12.50) to 
leading order. Formula (12.63), however, is an exact relation. This expression 
clarifies the relation of y to the field strength rescaling. However, it obscures 
the fact that y is independent of the cutoff A. To understand this aspect of 
7, we have to go back to the original definition of this function in terms of 
renormalized Green’s functions, whose cutoff independence follows from the 
renormalizability of the theory. 

Similarly, we can find an instructive expression for 8 in terms of the 
parameters of bare perturbation theory. Our original definition of 8 in 
Eq. (12.39) made use of a quantity 6A, defined to be the shift of the renor- 
malized coupling À needed to preserve the values of the bare Green’s func- 
tions when the renormalization point is shifted infinitesimally. Since the bare 
Green’s functions depend on the bare coupling Ao and the cutoff, this defini- 
tion can be rewritten as 


Oy (12.64) 


BOA) = May a 


Thus the @ function is the rate of change of the renormalized coupling at 
the scale M corresponding to a fixed bare coupling. Recalling our analysis in 
Section 12.1, it is tempting to associate \(M) with the coupling constant A 
obtained by integrating out degrees of freedom down to the scale M. With this 
correspondence, the 8 function is just the rate of the renormalization group 
flow of the coupling constant A. A positive sign for the 8 function indicates 
a renormalized coupling that increases at large momenta and decreases at 
small momenta. We can see explicitly that this relation works for ¢* theory, 
to leading order in A, by comparing Eqs. (12.28) and (12.46). We will justify 
this correspondence further in the following section. 

The equality of the exact formula (12.64) with the first-order formula 
(12.53) again follows from the counterterm definitions (10.17). As with (12.63), 
it is not obvious that this formula for B(A) is independent of A, but that fact 
again follows from renormalizability. Conversely, it is possible to prove the 
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renormalizability of ¢* theory by demonstrating, order by order in perturba- 
tion theory, that expressions (12.63) and (12.64) are independent of A.İ 


12.3 Evolution of Coupling Constants 


Now that we have discussed all of the ingredients of the Callan-Symanzik 
equation, let us investigate its implications. We begin by finding the explicit 
solution to the Callan-Symanzik equation for the simplest situation, the two- 
point Green’s function of a scalar field theory. This solution will clarify the 
physical implications of the equation. In particular, it will cement the relation 
suggested at the end of the previous section, which identifies the @ function 
with the rate of the renormalization group flow of the coupling constant. We 
will then use this relation to discuss the qualitative features of the renormal- 
ization group flow in renormalizable field theories. 


Solution of the Callan-Symanzik Equation 


We would like to solve the Callan-Symanzik equation for the two-point Green’s 
function, G@)(p), in a theory with a single scalar field. Since G?) (p) has 
dimensions of (mass)~*, we can express its dependence on p and M as 


G) = 9(-p?/M?). (12.65) 


This equation allows us to trade the derivative with respect to M for a deriva- 
tive with respect to p*. For the remainder of this chapter, we will use the vari- 
able p to represent the magnitude of the spacelike momentum: p = (—p?)!/?. 
Then we can rewrite the Callan-Symanzik equation as 


p -ewi +2-29()] 6%) =o. (12.66) 


In free field theory, 8 and y vanish and we recover the trivial result 
i 
p 

In an interacting theory, 6 and y are nonzero functions of A. However, 
it is still possible to write the explicit solution to the Callan-Symanzik equa- 
tion, using the method of characteristics. Equivalently (for those not well 
versed in the theory of partial differential equations), we will apply a lovely 
hydrodynamic-bacteriological analogy due to Sidney Coleman.t Imagine a 
narrow pipe running in the x direction, containing a fluid whose velocity 


GO) (p) = (12.67) 


*Callan has given a beautiful proof of the renormalizability of ¢* theory, based 
on proving that the Callan-Symanzik equation holds order by order in À, in his arti- 
cle in Methods in Field Theory, R. Balian and J. Zinn-Justin, eds. (North Holland, 
Amsterdam, 1976). 


#Coleman (1985), chap. 3. 
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Figure 12.3. Coleman’s bacteriological analogy to the Callan-Symanzik 
equation. The pipe is inhabited by bacteria with a given initial density D;(). 
The growth rate (determined by the illumination) and flow velocity are given 
functions of z. The problem is to determine the density D(t, x) at all subse- 
quent times. 


is v(x), as shown in Fig. 12.3. The pipe is inhabited by bacteria, whose den- 
sity is D(t, x) and whose rate of growth is p(x). Then the future behavior of 
the function D(t, x) is governed by the differential equation 


o ð 
l +(e) 5— = p(z)| DŒ, 2) = 0. (12.68) 
The second term allows for the fact that the bacteria are swept along with the 
fluid, so their present density here determines their future density not here, 
but some distance ahead. This equation is identical to Eq. (12.66), with the 
replacements 


log(p/M) = t, 
AD, 
—B(A) > v(@), (12.69) 
2y(A)-2 = p(x), 
GO) (p, A) = D(t, 2). 


Now suppose we know the initial concentration of the bacteria: D(t, £) = 
D;(x) at time t = 0. Then we can determine the concentration of bacteria in 
a fluid element at the point x at any later time by computing the history of 
that fluid element and then integrating the rate of growth along that path. 
Consider the fluid element that is at x at the time t. We can find out where 
it was at time zero by integrating its motion backward in time. The position 
of this element at time t = 0 is given by Z(t; x), which satisfies the differential 
equation 


— Z(t’; x) = —v(Z), with £(0;2) = 2. (12.70) 
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Then, immediately, 


(12.71) 


Now bring this solution back to our field theory problem by replacing 
each bacteriological parameter with its corresponding field theory parameter. 
The time t = 0 corresponds to —p? = M?, and the initial concentration D(x) 
becomes an unknown function G(A). Then 


GO (p, A) = G(A(p; d)) vex (- [atoste'/) 2/1 ~4(30's9))]). (12.72) 
p=M 
where A(p; A) solves 
d = ~ _ 
Tlog(p/M) PN) = PA AMGA) =A. (12.73) 


This differential equation describes the flow of a modified coupling constant 
A(p; A) as a function of momentum. The rate of this flow is just the 8 function. 
Thus, this flow is strongly reminiscent of the dependence of the renormalized 
coupling on the renormalization scale given by Eq. (12.64). We will refer to 
A(p) as the running coupling constant. Its equation (12.73) is often called the 
renormalization group equation. 

One can check directly that (12.72) solves the Callan-Symanzik equation 
by using the identity 


pan T 
= | dlog(p'/M), 12.74 
| gan = J Pow (12.74) 
A p'=M 
from which it follows that 
ð a). 
? _ ayy 2)ji=0. 12. 
(05, ~ BO) gx)r=0 (12.75) 


A convenient way of writing the solution (12.72) is 


P 


GO (p, A) = 59 (A(p:A) -ex(2 f dloste' im (ÄP: »)), (12.76) 
M 


in which G A) is a function that must be determined. This function cannot 
be determined from the general principles of renormalization theory. Instead, 
we must compute G)(p) as a perturbation series in À and match terms to 
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the expansion of (12.76) as a series in the same parameter. For the two-point 
function in ¢* theory, this matching is rather trivial: G(A) = 1+ oA’). 

The preceding analysis can be applied to any family of Green’s functions 
that are related by uniform rescaling of the momenta. Consider, for example, 
the connected four-point function of ¢* theory evaluated at spacelike momenta 
pi such that p? = —P?, pi- p; = 0, so that s, t, and u are of order —P?. To 
leading order in perturbation theory, this function is given by 


GO(P) = (4) a). (12.77) 


p2 
Using the fact that G has dimensions of (mass)~®, we can exchange M for 
P in the Callan-Symanzik equation and write this equation as 


ð ð 
oP BA) On 


The solution to this equation is 


|P 18 44(\)|G(P:d) =0. (12.78) 


GOP) = Fe (XP:)) -exp(4 J diogo /M) (XP's), (12.79) 
M 


This formula must agree with (12.77) to leading order in A; this matching 
requires that 


G (X(p;d)) = iA + OA’). (12.80) 


We can now see the physical implication of the Callan-Symanzik equa- 
tion. The ordinary Feynman perturbation series for a Green’s function de- 
pends both on the coupling constant A and on the dimensionless parameter 
log(—p?/M7?). The perturbation theory can be badly behaved even when À is 
small if the ratio p?/M? is large. The solutions (12.76) and (12.79) reorga- 
nize this dependence into a function of the running coupling constant and an 
exponential scale factor. We consider these two pieces in turn. 

The first factor in Eqs. (12.76) and (12.79) is a function of the running 
coupling constant, evaluated at the momentum scale p. If p were of order M, 
the renormalization scale, this function would essentially be the ordinary per- 
turbative evaluation of the Green’s function. The results (12.76) and (12.79) 
instruct us to make use of this same expression at the scale p, but to replace 
À with a new coupling constant À appropriate to that scale. Thus, the run- 
ning coupling constant A(p) is precisely the effective coupling constant of the 
renormalization group flow. This interpretation is particularly clear in the so- 
lution (12.79) for GP), since this function directly measures the strength 
of the ¢* coupling constant. 

The exponential factor in Eqs. (12.76) and (12.79) has an equally simple 
interpretation: It is the accumulated field strength rescaling of the correlation 
function from the reference point M to the actual momentum p at which the 
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Green’s function is evaluated. This factor receives a multiplicative contribu- 
tion from each intermediate scale between M and p. Each of these contribu- 
tions is, appropriately, computed using the running coupling constant at that 
particular scale. 

As a check on these formal arguments, we can use the explicit form of the 
b function of ¢* theory found in Eq. (12.46) and the renormalization group 
equation (12.73) to evaluate the running coupling constant of t theory. This 
running coupling constant satisfies the differential equation 
3X 


d EY — 
= . h . — , l 
diog/M) À T I3 With AMA) =A (12.81) 


Integrating, we find 


and thus, 


A(p) 1 — (3\/167) log(p/M)° (12.82) 

Many properties of the solution to the Callan-Symanzik equation are vis- 
ible in this relation. First, the expansion of this formula for À to order à? 
agrees precisely with Eq. (12.28), the rate of the renormalization group flow 
from Wilson’s method. Second, this expression for the running coupling con- 
stant goes to zero at a logarithmic rate as p — 0. This coincides with our 
expectation that a positive value for the @ function should imply an effec- 
tive coupling that becomes stronger at large momenta and weaker at small 
momenta. 

If we expand the running coupling constant \(p) in powers of À, we find 
that the successive powers of the coupling constant are multiplied by powers 
of logarithms, 

At (log p/M)”, 


which become large and invalidate a simple perturbation expansion for p much 
greater or much less than M. We have seen this problem of large logarithms 
arising several times in our diagram calculations, and we have remarked on it 
specifically as a problem in the discussion following Eq. (11.81). We now see 
that the renormalization group gives a partial solution to this problem. In this 
example, and in many others that we will study, the Callan-Symanzik equation 
tells us how to sum these large logarithms into the running coupling constant 
and multiplicative rescalings. If the running coupling constant becomes large, 
as happens in ¢* theory for p —> oo, the perturbation expansion will break 
down anyway, and we will need more advanced methods. However, if the 
running coupling constant becomes small, as for ¢* theory as p —> 0, we will 
have successfully organized the powers of logarithms into a meaningful and 
controlled expression. The specific problem posed at the end of Section 11.4 
will be solved explicitly by this method in Section 13.2. 
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An Application to QED 


For a more concrete application of the Callan-Symanzik equation, we can look 
again at the electromagnetic potential between static charges, V(x), which we 
studied in Section 7.5. At very short distances or at large momenta, we can 
ignore the electron mass in the computation of QED corrections to this po- 
tential. In this approximation, the potential should obey the Callan-Symanzik 
equation of massless QED. We could write this equation either for V(x) it- 
self or for its Fourier transform; we choose to work in Fourier space in order 
to make contact more easily with the results of Section 7.5. 

We define the massless limit of QED by specifying a renormalization 
scale M at which the renormalized coupling er is defined. If M is taken close 
to the electron mass m, at the point where the massless approximation is 
just becoming valid, then the value of e, will be close to the physical elec- 
tron charge e. The potential between static charges is a measurable energy, 
so its normalization is unambiguous and is not shifted from one renormal- 
ization point to another. Thus the Callan-Symanzik equation for the Fourier 
transform of the potential has no y term, being simply 

ð ð 
Mon + Pledge 
The Fourier transform of the potential has dimensions of (mass)~*, so we 
can trade dependence on M for dependence on q as in the scalar field theory 
discussion above. This gives 


vam, e,) = 0. (12.83) 


ð G) 
> — r) =— 2|v :M,er)=0. 12.84 
jag eeg t VEM e (12.84) 
Equation (12.84) is almost the same as Eq. (12.66), so we can immediately 
write down the solution as a special case of (12.76): 
Ly 
V(q, er) = py Cla er)), (12.85) 
where é(q) is the solution of the renormalization group equation 
d 
dlog(q/M) 


By comparing this formula for V (q) to the leading-order result 


e(q;er) = B(é),  E(M;er) = er. (12.86) 


V(q) Ss, 
we can identify V(é) = €? + O(é*). Then 
(12.87) 


up to corrections that are suppressed by powers of e? and contain no compen- 
satory large logarithms of q/M. 
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To turn Eq. (12.87) into a completely explicit formula, we need only 
solve the renormalization group equation (12.86). Using the QED 8 function 
(12.61), we can integrate (12.86) to find 


This simplifies to 


EO = aoea (12.88) 


This result is almost identical to the formula for the effective electric charge 
that we found in Eq. (7.96). To cement the identification, set M to be of order 
the electron mass, M? = Am?, and approximate e, at this point by e, with 
a = e? /4r. Then Eq. (12.88) takes the form 

7 a 
(9 = (afin) log a? /Am?) 


a (12.89) 
The particular choice A = exp(5/3) reproduces Eq. (7.96). Of course, we could 
not find this exact correspondence without the detailed one-loop calculation of 
Section 7.5. Nevertheless, our present analysis produces the correct asymptotic 
formula for the effective charge. Furthermore, our present formalism can be 
applied to any renormalizable quantum field theory; it does not rely on the 
special symmetries of QED that we exploited in Section 7.5. 


Alternatives for the Running of Coupling Constants 


Now that we have computed the behavior of the running coupling constant in 
two specific quantum field theories, let us consider more generally what be- 
haviors of the running coupling constant are possible in principle. We continue 
to restrict our discussion to renormalizable theories in the massless limit, with 
a single dimensionless coupling constant À. 

By the arguments of the previous section, the Green’s functions in any 
such theory obey a Callan-Symanzik equation. The solution of this equation 
depends on a running coupling constant, Xp), which satisfies a differential 
equation 


a B _ 


in which the function @(A) is computable as a power series in the coupling 
constant. In the examples we have just discussed, the leading coefficient in this 
power series was positive. However, as a matter of principle, three behaviors 
are possible in the region of small à: 


(1) BOA) > 


12.3 Evolution of Coupling Constants 425 


Examples of quantum fields are known that exhibit each of these behaviors. 

We have already seen how, in theories of the first class, the running cou- 
pling constant goes to zero in the infrared, leading to definite predictions about 
the small-momentum behavior of the theory. However, the running coupling 
constant becomes large in the region of high momenta. Thus the short-distance 
behavior of the theory cannot be computed using Feynman diagram pertur- 
bation theory. In fact, in the examples studied above, the coupling constant 
formally goes to infinity at a large but finite value of the momentum; thus it is 
not even clear that these theories possess a nontrivial limit A — oo. A Feyn- 
man diagram analysis is useful in such theories if one is mainly interested in 
large-distance or macroscopic behavior. In Chapter 13 we will use this obser- 
vation to solve problems in the statistical mechanics of systems with critical 
points. 

In theories of the second class, the coupling constant does not flow. In 
these theories, the running coupling constant is independent of the momen- 
tum scale, and thus equal to the bare coupling. This means that there can be 
no ultraviolet divergences in the relation of coupling constants. The only pos- 
sible ultraviolet divergences in such theories are those associated with field 
rescaling, which automatically cancel in the computation of S-matrix ele- 
ments. Such theories are called finite quantum field theories. Before the emer- 
gence of our modern understanding of renormalization, these theories would 
have been embraced as the solution to the problem of ultraviolet infinities. 
But in fact the known finite field theories in four dimensions are very special 
constructions—the so-called gauge theories with extended supersymmetry— 
with no known physical application. 

In theories of the third class, the running coupling constant becomes large 
in the large-distance regime and becomes small at large momenta or short 
distances. Imagine, for instance, that the sign of the QED 8 function were 
reversed: 


Ble) = —4Ce?®. (12.91) 
Then, following our earlier analysis, we would have 
2 
e 


E’ (p) 


~ 1+Ce?log(p/M}) (12.92) 
This coupling constant tends to zero at a logarithmic rate as the momentum 
scale increases. Such theories are called asymptotically free. In theories of this 
class, the short-distance behavior is completely solvable by Feynman diagram 
methods. Though ultraviolet divergences appear in every order of perturbation 
theory, the renormalization group tells us that the sum of these divergences is 
completely harmless. If we interpret these theories in terms of a bare coupling 
ep and a finite cutoff A, the result (12.92) indicates that there is a smooth 
limit in which e, tends to zero as A tends to infinity. Thus, asymptotically 
free theories give another, more sophisticated, resolution of the problem of 
ultraviolet divergences. In Chapter 17, we will see that asymptotic freedom 
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plays an essential role in the formulation of a field theory that describes the 
strong interactions of elementary particle physics. 

Now that we have enumerated the possibilities for the renormalization 
group flow in the region of weak coupling, let us turn our attention to the 
region of strong coupling. Here we will not be able to compute the 8 function 
quantitatively, but we can at least use the renormalization group equation 
to discuss qualitatively the possibilities for the coupling constant flow. All of 
our explicit solutions for running coupling constants—Eqs. (12.82), (12.88), 
and (12.92)—predict that the running coupling becomes infinite at a finite 
value of the momentum p. For example, according to Eq. (12.82), the running 
coupling constant of 4 theory should diverge at 


167? 
p~ M exp( 33 ). 
It is possible that this is the true behavior of the quantum field theory, but we 
have not proved this, because when the running coupling constant becomes 
large, the approximation we have made, ignoring the higher-order terms in the 
8 function, is no longer valid. It is a logical possibility that the higher terms 
of the 8 function are negative, so that the 8 function has the form shown 
in Fig. 12.4(a). In this case the 9 function has a zero at a nonzero value Aș. 
When À approaches this value, the renormalization group flow slows to a halt; 
thus A = À, would be a nontrivial fixed point of the renormalization group. In 
this model, the running coupling constant À tends to \, in the limit of large 
momentum. 

For the specific case of ¢* theory in four dimensions, we have strong 
evidence from numerical studies that there is no such nontrivial fixed point. 
However, we will soon demonstrate that there is a nontrivial fixed point in ¢4 
theory in d < 4, and many more examples are known. It is thus worthwhile 
to explore the implications of a fixed point in the renormalization group flow. 

For a 8 function of the form of Fig. 12.4(a), the 8 function behaves in the 
vicinity of the fixed point as 


(12.93) 


6 —B(\—».), (12.94) 
where B is a positive constant. For À near Ax, 
d - _ 
A -B(A — Ax). 12.95 
agi = B-A.) (12.95) 
The solution of this equation is 
_ M\B 
= Xx —). 12. 
Xp) =A +e(5) (12.96) 


Thus, \ indeed tends to \, as p > oo, and the rate of approach is governed 
by the slope of the 8 function at the fixed point. 

This behavior has a dramatic consequence for the exact solution (12.72) 
of the Callan-Symanzik equation for G(p). For p sufficiently large, the integral 
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Figure 12.4. Possible forms of the 8 function with nontrivial zeros: 
(a) ultraviolet-stable fixed point; (b) infrared-stable fixed point. 


in the exponential factor in this equation will be dominated by values of p for 
which A(p) is close to Ax. Then 


Alp) = G(A.)exp| (108 Z) -20 = 0.))] 

1 \ 1-70) (12.97) 
Thus the two-point correlation function returns to the form of a simple scal- 
ing law, but with a power law different from that expected by dimensional 
analysis. At the fixed point we have a scale-invariant quantum field theory in 
which the interactions of the theory affect the law of rescaling. The shift of 
the exponent y(à,) is called the anomalous dimension of the scalar field. By 
convention, the function y() is often called the anomalous dimension even if 
there is no fixed point in the theory. 

A similar behavior is possible in an asymptotically free theory. If the 8 
function has the form shown in Fig. 12.4(b), the running coupling constant 
will tend to a fixed point À, as p — 0. The two-point correlation function 
of fields G(p) will tend to a power law as in (12.97) for asymptotically small 
momenta. The two cases shown in Figs. 12.4(a) and (b) are called, respectively, 
ultraviolet-stable and infrared-stable fixed points. 

In the previous section, we saw that the leading-order expressions for 
the Callan-Symanzik functions 8 and y are related in a simple way to the 
ultraviolet divergent parts of the one-loop counterterms. However, we noted 
that, in higher orders of perturbation theory, 3 and y depend on the specific 
renormalization conventions used to define the Green’s functions. Still, there 
are some properties of these functions that are independent of any convention. 
The coefficient of the logarithm in the denominator of such expressions as 
(12.82) or (12.89) can be determined unambiguously from experiments that 
measure this coupling constant. This confirms the convention independence of 
the first $-function coefficient. Experiments sensitive to the coupling constant 
can also determine the existence of a zero of the 8 function at strong coupling, 
and the rate of approach to this asymptote. Thus the existence of a zero of 
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the @ function (but not necessarily the value of \,), the slope B at the zero, 
and the value of the anomalous dimension at the fixed point should all be 
independent of the conventions used to compute ĝ and y. 


12.4 Renormalization of Local Operators 


The analysis of the previous two sections has been restricted to quantum field 
theories with only dimensionless coefficients, that is, strictly renormalizable 
field theories in the massless limit. It is not difficult to generalize this for- 
malism to theories with mass terms and other operators whose coefficients 
have mass dimension. However, it is worthwhile to first devote some attention 
to an intermediate step, by analyzing the renormalization group properties 
of matrix elements of local operators. This is an interesting problem in its 
own right, and we will devote considerable space to the applications of this 
formalism in Chapter 18. 

Matrix elements of local operators appear often in quantum field theory 
calculations. Typically one considers a set of interacting particles that couple 
weakly to an additional particle, which mediates new forces. Consider, for 
example, the theory of strongly interacting quarks perturbed by the effects of 
weak decay processes. The weak interaction is mediated by a massive vector 
boson, the W. Let us write the interaction of the quarks with the W very 
schematically as 

EL = Wail = Py, (12.98) 


and assign the W boson the propagator 
igh 
q4 — My + te 
(We will discuss this interaction more correctly in Section 18.2 and in Chap- 
ter 20.) Exchange of a W boson leads to the interaction shown in Fig. 12.5. 
For momentum transfers small compared to my, we can ignore the q? in the 
W propagator and write this interaction as the matrix element of the operator 


2 


sax Ole), where Ola) = 40 -ppl a) (12.100) 
Ww 


In the spirit of Wilson’s renormalization group procedure, we can say that, on 
distance scales larger than my the W boson can be integrated out, leaving 
over the interaction (12.100). 

How would we analyze the effects of the operator (12.100) on strongly 
interacting particles composed of quarks and antiquarks? A useful way to 
begin is to compute the Green’s function of the operator O together with 
fields that create and destroy quarks. If we approximate the theory of quarks 
by a theory of free fermions, it is easy to compute these Green’s functions; for 
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WwW 


Figure 12.5. Interaction of quarks generated by the exchange of a W boson. 


example: 


(v(p1)b(—pa)b(p3)b(—pa)O(0)) 
= Sp(pi)y"(1 — 7°) Sr(p2) S(p3)Y(1 — 7°) SF (pa). 


However, in an interacting field theory, the answer will be much more compli- 
cated. Some of these complications will involve the low-energy interactions of 
quarks, and we will leave them outside of the present discussion. However, in 
a renormalizable theory of quark interactions, one will also find that Green’s 
functions containing O have new ultraviolet divergences. The one-loop correc- 
tions to (12.101) will contain diagrams that evaluate to the right-hand side of 
(12.101) times a divergent integral. These diagrams can be interpreted as field 
strength renormalizations of the operator ©. As with correlation functions of 
elementary fields, we can obtain finite and well-defined matrix elements of 
local operators only if we establish conventions for the normalization of lo- 
cal operators and introduce operator rescalings in the form of counterterms, 
order by order in perturbation theory, to preserve these conventions. More 
specifically, in a massless, renormalizable field theory of the fermions w, we 
should make the convention that Eq. (12.101) is exact at some spacelike nor- 
malization point for which p? = p? = p3 = p? M?. Then we should add a 
counterterm of the form 6oO(x), and adjust this counterterm at each order 
of perturbation theory to insure that these relations are preserved. We refer 
to the operator satisfying the normalization condition (12.101) at M? as Om. 

The renormalized operator Om is a rescaled version of the operator Oo 
built of bare fields, 


OlT) = po” — ioo Yal — vo: (12.102) 


As we did for the elementary fields, we can write this relation as 


(12.101) 


Oo = Zo(M)Om. (12.103) 


This allows us to write the generalization of the relation (12.35) between 
Green’s functions of bare and renormalized fields. Let us return to the lan- 
guage of scalar field theories and consider O(x) to be a local operator in a 
scalar field theory. Define 


GD (pi, park) = (b(p1)-+-6(pn)Om(k)) . (12.104) 
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Then GÐ is related to a Green’s function of bare fields by 


GO (py +++ Prik) = Z(M)-"/?Zo(M)! (b0(p1) ++ 60(Pn)Oo(k)) - 
(12.105) 
Repeating the derivation of Eqs. (12.63) and (12.64), we find that the Green’s 
functions containing a local operator obey the Callan-Symanzik equation 


ð ð 
[M + BO) 5, HA +700) E™ =0, (12.106) 


where 
a, log Zo(M). (12.107) 


It often happens that a quantum field theory contains several operators 
with the same quantum numbers. For example, in quantum electrodynamics, 
the operators ply” D” +4” DJ and FF, are both symmetric tensors with 
zero electric charge; in addition, both operators have mass dimension 4. Such 
operators, with the same quantum numbers and the same mass dimension, 
can be mixed by quantum corrections.* For such a set of operators {O*}, the 
relation of renormalized and bare operators must be generalized to 


Oi = Z(M)O%,. (12.108) 


This relation in turn implies that the anomalous dimension function yo in 
the Callan-Symanzik equation must be generalized to a matrix, 


6 = [Z5 (M)*M Š Zon]. (12.109) 

Most of our applications of (12.106) in Chapter 18 will require this general- 
ization. 

On the other hand, there are some operators for which the rescaling and 

anomalous dimensions are especially simple. If © is the quark number current 

wy), its normalization is fixed once and for all because the associated charge 


Q= | brit, 


is just the conserved integer number of quarks minus antiquarks in a given 
state. More generally, for any conserved current J”, Z;(M) = 1 and yj = 0. 
The same argument applies to the energy-momentum tensor. Thus, in the 
QED example above, the specific linear combination 


1 1 
TH” = Salt DY +y” DPY + FFP’, (12.110) 


receives no rescaling and no anomalous dimension. This linear combination of 
operators must be an eigenvector of the matrix +’? with eigenvalue zero. 


*Our assumption that we are working in a massless field theory constrains the pos- 
sibilities for operator mixing. In a massive field theory, operators of a given dimension 
can also mix with operators of lower dimension. 
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So far, our discussion of operator matrix elements has been rather ab- 
stract. To make it more concrete, we will construct a formula for computing 
yo to leading order from one-loop counterterms, and then apply this formula 
to a simple example in ¢* theory. 

To find a simple formula for yo, we follow the same path that took us from 
Eq. (12.52) to the formula (12.53) for the @ function. Consider an operator 
whose normalization condition is based on a Green’s function with m scalar 


fields: 
Gl) = (olp) 6(Pm)Om(k)) . (12.111) 


To compute this Green’s function to one-loop order, we find the set of dia- 
grams: 


AISINA 


The last diagram is the counterterm ĝo needed to maintain the renormal- 
ization condition. Notice that the counterterm 6z also appears. If we insist 
that this sum of diagrams satisfies the Callan-Symanzik equation (12.106) to 
leading order in À, we find, analogously to (12.53), the relation 


o m 
00) = M557 (-80 + Tsz): (12.112) 


As a specific example of the use of this formula, let us compute the anoma- 
lous dimension yo of the mass operator ¢” in ¢* theory. There is a small 
subtlety involved in this computation. The Feynman diagrams of t theory 
generate an additive mass renormalization, which must be removed by the 
mass counterterm at each order in perturbation theory. We would like to de- 
fine the mass operator as a perturbation which we can add to the massless 
theory defined in this way. To clarify the distinction between the underlying 
mass, which is renormalized to zero, and the explicit mass perturbation, we 
will analyze a Green’s function of ¢? in which this operator carries a specific 
nonzero momentum. We thus choose to define the normalization of ¢* by the 
convention 


at P = q? =k? =—M?. 
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The one-particle-irreducible one-loop correction to (12.113) is 


k 4 
i i dtr i 1 
kerr =a | oe Oz ep 
ap (12.114) 
oii à T(2-8) 
p2 l (47r)? ar | 


where A is a function of the external momenta. At —M?, this contribution 
must be canceled by a counterterm diagram, 


i i 
= 52642. 12.115 
dy Op p? q 2 ( ) 


Thus, the counterterm must be 


à  T(2-8) 
2(4m)? (M2)2-4/2° 


õp = (12.116) 


Since 6z is finite to order À, this is the only contribution to (12.112), and we 
find 


= . 12.117 

1# = Ier? (12.117) 
This function can be used together with the y and 8 functions of pure massless 
¢* theory to discuss the scaling of Green’s functions that include the mass 


operator. 


12.5 Evolution of Mass Parameters 


Finally, we discuss the renormalization group for theories with masses. We 
note, though, that although we treat these masses as arbitrary parameters, 
we will continue to use renormalization conventions that are independent of 
mass, and we will often treat the masses as small parameters. This approach 
breaks down at momentum scales much less than the scale of masses, but 
it is sufficient, and simpler than alternative approaches, for most practical 
applications of the renormalization group. 

In the previous section, we worked out the scaling of Green’s functions 
containing one power of the mass operator. It is a small step to generalize 
this discussion to include an arbitrary number of mass operators; one sim- 
ply finds the equation (12.106) with the coefficient £ in front of the term yo. 
Now consider what would happen if we add the mass operator directly to the 
Lagrangian of the massless ¢* theory, treating this operator as a perturba- 
tion. If Lm is the massless Lagrangian renormalized at the scale M, the new 
Lagrangian will be 


Lu + 4m? oy. (12.118) 
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The Green’s function of n scalar fields in the theory (12.118) could be ex- 
pressed as a perturbation series in the mass parameter m?. The coefficient 
of (m?)* would be a joint correlation function of the n scalar fields with 
£ powers of ¢3,, and would therefore satisfy the Callan-Symanzik equation 
(12.106) with the extra factor £ as noted above. In general, we can use the 
operator m?(0/Om?) to count the number of insertions £ of ¢?. Then the 
Green’s functions of the massive ¢* theory, renormalized according to the 
peepee scheme, satisfy the equation 


[Me aug TBM 5x Fa. na(d) +gam? a5] pi}; M,A m?) = 0. (12.119) 


This argument extends to any perturbation of massless ¢* theory. In the 
general case, 


L£(Ci) = Lu + COn (E), (12.120) 
and the Green’s functions of this perturbed theory satisfy 


f] 


Mong 


+B) +m ) + DONC ga OMA C) =o. 


(12.121) 

To interpret this equation, it will help to make a slight change to bring 

the notation in line with our new viewpoint. Let d; be the mass dimension of 

the operator O*. Then rewrite (12.120) by representing each coefficient C; as 
a power of M and a dimensionless coefficient p;: 


Llp) = Lau + piM*~* Ofy (a). (12.122) 


The size of each p; indicates the importance of the corresponding operator at 
the scale M. This new convention introduces further explicit M dependence 
into the Green’s functions, which is compensated by a rescaling of the p;. 
Thus (12.121) must be modified to 


ð ð ð 
Mou + Bay + nyt LW) +d; — org C™ Upi; M,A, {pi}) = 0. 


(12.123) 
The meaning of this equation becomes clearer if we define 


Bi = (di — 4 + yi)pi- (12.124) 
Then 


[Maa + 85x + DG, -+n4]G pi}; M,A, {pi} =0. (42.125) 


Now all of the coupling constants p; appear on the same footing as À. We can 
solve this generalized Callan-Symanzik equation using the same method as in 
Section 12.3, by introducing bacteria, which now live in a multidimensional 
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velocity field (3, 3;). The solution will depend on a set of running coupling 
constants which obey the equations 


d 
dlog(p/M) 
It is interesting to examine this flow of coupling constants for the case 
where all the dimensionless parameters À, p; are small, so that we are close 


to the free scalar field Lagrangian. In this situation, we can ignore the contri- 
bution of y; to @;; then 


Pi = Bi(p, X). (12.126) 


d _ - 


The solution to this equation is 


di—4 
P ) (12.128) 


Pi = Pi (= 
Operators with mass dimension greater than 4, corresponding to nonrenor- 
malizable interactions, become less important as a power of p as p > 0. This 
is exactly the behavior that we found in Eq. (12.27) using Wilson’s method. 
Since we have now generalized the Callan-Symanzik equation to incorporate 
the most general perturbation of the free-field Lagrangian, it is pleasing that 
we recover the full structure of the Wilson flow of coupling constants. In ad- 
dition, this more formal method gives us a way to compute the corrections to 
the Wilson flow due to A¢* interactions, order by order in A, using Feynman 
diagrams. 

We can move one step closer to the generality of Section 12.1 by moving 
from four dimensions to an arbitrary dimension d. We require only two small 
changes in the formalism. First, the operator œt acquires a dimensionful co- 
efficient when d Æ 4, and we must take account of this. We have seen in the 
discussion below Eq. (10.13) that a scalar field has mass dimension (d—2)/2. 
Thus, the operator ¢* has mass dimension (2d — 4), and so its coefficient has 
dimension 4 — d. To implement the renormalization group, we redefine À so 
that this coefficient remains dimensionless in d dimensions. We treat the mass 
term similarly, replacing m? —> pmM?. Thus the expansion of the Lagrangian 
about the free scalar field theory Lo reads: 


1 1 
L=Lo- gem big - ou fore, (12.129) 


The second required change in the formalism is that of recomputing the 
6 and y functions in the new dimension. To order À, the result is surprisingly 
innocuous. Consider, for example, the computation of yg2, Eq. (12.114). This 
computation, which was performed in dimensional regularization, is essentially 
unchanged. For general values of d, the derivative of the counterterm 6y2 with 
respect to log M still involves the factor 


_d 
Moe (Gini) = —2 4+ O0(4- d). (12.130) 
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This observation holds for all of the y;, and the 8 function is shifted only by 
the contribution of the mass dimension of À. Thus, for d near 4, 


B= (d-AA+ BOA +, 
Bm = [2 + Yom +, (12.131) 
Bi = [di -d +P], 


where the functions with a superscript (4) are the four-dimensional results 
obtained earlier in this section, and the omitted correction terms are of order 
A-(d—4). The precise form of these corrections depends on the renormalization 
scheme. 

Using the explicit four-dimensional result (12.46) for 8, we now find 


3A2 
1672 
For d > 4, this function is positive and predicts that the coupling constant 
flows smoothly to zero at large distances. However, when d < 4, this (A) has 
the form shown in Fig. 12.4(b). Thus it generates just the coupling constant 
flow that we discussed from Wilson’s viewpoint below Eq. (12.29). At small 
values of À, the coupling constant increases in importance with increasing 
distance, as dimensional analysis predicts. However, at larger À, the coupling 
constant decreases as a result of its own nonlinear effects. These two tendencies 
come into balance at the zero of the beta function, 


B= —(4-d)\ + (12.132) 


_ 16r? 
3 


which gives a nontrivial fixed point of the renormalization group flows in scalar 
field theory for d < 4. If we formally consider values of d close to 4, this fixed 
point occurs in a region where the coupling constant is small and we can use 
Feynman diagrams to investigate its properties. This fixed point, which was 
discovered by Wilson and Fisher,’ has important consequences for statistical 
mechanics, which we will discuss in Chapter 13. 


Àx 


(4-4), (12.133) 


Critical Exponents: A First Look 


As an application of the formalism of this section, let us calculate the renor- 
malization group flow of the coefficient of the mass operator in ¢* theory. This 
is found by integrating Eq. (12.126), using the value of Bm from (12.131): 


yy, = [-2 + ve Pm: (12.134) 


dlogp 


tThis expansion is displayed to rather high order in E. Brezin, J. C. Le Gillou, 
and J. Zinn-Justin, Phys. Rev. D9, 1121 (1974). 


İK. G. Wilson and M. E. Fisher, Phys. Rev. Lett. 28, 240 (1972). 
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For A = 0, this equation gives the trivial relation 


2 
Pm = pm (~~) (12.135) 
P 
If we recall that we originally defined pm = m? /M?, this is just a complicated 
way of saying that, when p becomes of order m, the mass term becomes an 
important term in the Lagrangian. At this point, the correlations in the ø 
field begin to die away exponentially. The characteristic range of correlations, 
which in statistical mechanics would be called the correlation length €, is given 
by 
E~ p3, where pm (po) = 1. (12.136) 


If we evaluate this criterion, we find € ~ (M?p,,)~'/?, that is, p ~ m7', as 
we would have expected. 

However, the application of this criterion at the fixed point A, gives a 
much more interesting result. If we set A = ,, then Eq. (12.134) has the 
solution 


My 2-792) 
im = pm(—) ae (12.137) 
P 
This gives a nontrivial relation 
E~ Dal, (12.138) 
where the exponent v is given formally by the expression 
1 
y= ———__.. (12.139) 
2 — yg (Àx) 


Using the results (12.133) and (12.117), we can evaluate this explicitly for d 
near 4: 

yo? =2-2(4-d), (12.140) 
Wilson and Fisher showed that this expression can be extended to a systematic 
expansion of v in powers of e = (4 — d). 

Because the exponent v has an interpretation in statistical mechanics, it is 
directly measurable in the realistic case of three dimensions. In the statistical 
mechanical interpretation of scalar field theory, pm is just the parameter that 
one must adjust finely to bring the system to the critical temperature. Thus pm 
is proportional to the deviation from the critical temperature, (T — Tc). Our 
field theoretic analysis thus implies that the correlation length in a magnet 
grows as T — Tc according to the scaling relation 


E~ (T - To)”. (12.141) 


It also gives a definite, and somewhat unusual, prediction for the value of v. 
It predicts that v is close to the value 1/2 suggested by the Landau approx- 
imation studied in Chapter 8 (Eq. (8.16)), but that v differs from this value 
by some systematic corrections. 
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A scaling behavior of the type (12.141) is observed in magnets, and it is 
known that several definite scaling laws occur, depending on the symmetry of 
the spin ordering. Magnets can be characterized by the number of fluctuating 
spin components: N=1 for magnets with a preferred axis, N=2 for magnets 
with a preferred plane, and N=3 for magnets that are isotropic in three- 
dimensional space. The experimental value of v depends on this parameter. 
The ¢* field theory discussed in this chapter contained only one fluctuating 
field; this is the analogue of a magnet with one spin component. In Chapter 11, 
we considered a generalization of 64 theory to a theory of N fields with O(N) 
symmetry. We might guess that this system models magnets of general N. 

If this correspondence is correct, Eq. (12.140) gives a prediction for the 
value of v in magnets with a preferred axis. In Section 13.1, we will repeat 
the analysis leading to this equation in the O(N)-symmetric ¢* theory and 
derive the formula N42 

-1 
yo =2 Nu z d), (12.142) 
valid for general N to first order in (4 — d). For the cases N = 1,2,3 and 
d = 3, this formula predicts 


v = 0.60, 0.63, 0.65. (12.143) 


For comparison, the best current experimental determinations of v in magnetic 
systems give* 
v = 0.64, 0.67, 0.71 (12.144) 


for N = 1,2,3. The prediction (12.143) gives a reasonable first approximation 
to the experimental results. 

The ability of quantum field theory to predict the critical exponents gives 
a concrete application both of the formal connection between quantum field 
theory and statistical mechanics and of the flows of coupling constants pre- 
dicted by the renormalization group. However, there is another experimental 
aspect of critical behavior that is even more remarkable, and more persua- 
sive. Critical behavior can be studied not only in magnets but also in fluids, 
binary alloys, superfluid helium, and a host of other systems. It has long been 
known that, for systems with this disparity of microscopic dynamics, the scal- 
ing exponents at the critical point depend only on the dimension N of the 
fluctuating variables and not on any other detail of the atomic structure. 
Fluids, binary alloys, and uniaxial magnets, for example, have the same crit- 
ical exponents. To the untutored eye, this seems to be a miracle. But for a 
quantum field theorist, this conclusion is the natural outcome of the renor- 
malization group idea, in which most details of the field theoretic interaction 
are described by operators that become irrelevant as the field theory finds its 
proper, simple, large-distance behavior. 


*For further details, see Table 13.1 and the accompanying discussion. 
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Problems 

12.1 Beta functions in Yukawa theory. In the pseudoscalar Yukawa theory stud- 
ied in Problem 10.2, with masses set to zero, 

1 À =), = 

L= 5 (dud) — Fe + VED) — ighy de, 
compute the Callan-Symanzik 8 functions for À and g: 


BA), BgA9)s 


to leading order in coupling constants, assuming that A and g? are of the same order. 
Sketch the coupling constant flows in the A-g plane. 


12.2 Beta function of the Gross-Neveu model. Compute 6(g) in the two- 
dimensional Gross-Neveu model studied in Problem 11.3, 


L= piii + 59° (iwi), 


with i = 1,...,N. You should find that this model is asymptotically free. How was 
that fact reflected in the solution to Problem 11.3? 


12.3 Asymptotic symmetry. Consider the following Lagrangian, with two scalar 
fields @, and ¢2: 


À 
L= 5((udr)? + (Gudn)®) ~ FOE 04) - (60). 


Notice that, for the special value p = A, this Lagrangian has an O(2) invariance rotating 
the two fields into one another. 


(a) Working in four dimensions, find the 8 functions for the two coupling constants 
à and p, to leading order in the coupling constants. 


(b) Write the renormalization group equation for the ratio of couplings p/A. Show 
that, if p/A < 3 at a renormalization point M, this ratio flows toward the 
condition p = À at large distances. Thus the O(2) internal symmetry appears 
asymptotically. 

(c) Write the 8 functions for À and p in 4 — e dimensions. Show that there are 
nontrivial fixed points of the renormalization group flow at p/A = 0, 1,3. Which 
is the most stable? Sketch the pattern of coupling constant flows. This flow 
implies that the critical exponents are those of a symmetric two-component 
magnet. 
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Critical Exponents and Scalar Field Theory 


The idea of running coupling constants and renormalization-group flows gives 
us a new language with which to discuss the qualitative behavior of scalar 
field theory. In our first discussion of ¢* theory, each value of the coupling 
constant—and, more generally, each form of the potential and each spacetime 
dimension—-gave a separate problem to be explored. But in Chapter 12, we 
saw that ¢* theories with different values of the coupling are connected by 
renormalization-group flows, and that the pattern of these flows changes con- 
tinuously with the spacetime dimension. In this context, it makes sense to ask 
the very general question: How does ¢4 theory behave as a function of the 
dimension? This chapter will give a detailed answer to this question. 

The central ingredient in our analysis will be the Wilson-Fisher fixed point 
discussed in Section 12.5. This fixed point exists in spacetime dimensions d 
with d < 4; in those dimensions it controls the renormalization group flows of 
massless $4 theory. The scalar field theory has manifest or spontaneously bro- 
ken symmetry according to the sign of the mass parameter m?. Near m? = 0, 
the theory exhibits scaling behavior with anomalous dimensions whose val- 
ues are determined by the renormalization group equations. For d > 4, the 
Wilson-Fisher fixed point disappears, and only the free-field fixed point re- 
mains. Again, the theory exhibits two distinct phases, but now the behavior 
at the transition is determined by the renormalization group flows near the 
free-field fixed point, so the scaling laws are those that follow from simple 
dimensional analysis. 

The continuation of these results to Euclidean space has important im- 
plications for the theory of phase transitions in magnets and fluids. As we 
discussed in the previous chapter, the ideas of the renormalization group im- 
ply that the power-law behaviors of thermodynamic quantities near a phase 
transition point are determined by the behavior of correlation functions in a 
Euclidean ¢* theory. The results stated in the previous paragraph then im- 
ply the following conclusions for critical scaling laws: For statistical systems 
in a space of dimension d > 4, the scaling laws are just those following from 
simple dimensional analysis. These predictions are precisely those of Landau 
theory, which we discussed in Chapter 8. On the other hand, for d < 4, the 
critical scaling laws are modified, in a way that we can compute using the 
renormalization group. 
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In d = 4, we are on the boundary between the two types of scaling behav- 
ior. This corresponds to the situation in which $4 theory is precisely renor- 
malizable. In this case, the dimensional analysis predictions are corrected, but 
only by logarithms. We will analyze this case specifically in Section 13.2. 

Though it is not obvious, the case d = 2 provides another boundary. Here 
the transition to spontaneous symmetry breaking is described by a different 
quantum field theory, which becomes renormalizable in two dimensions. In 
Section 13.3, we will introduce that theory, called the nonlinear sigma model, 
and show how its renormalization group behavior merges smoothly with that 
of t theory. By combining all of the results of this chapter, we will obtain 
a quantitative understanding of the behavior of t theory, and of critical 
phenomena, over the whole range of spacetime dimensions. 


13.1 Theory of Critical Exponents 


At the end of Chapter 12, we used properties of the renormalization group 
for scalar field theory to make a prediction about the behavior of correla- 
tions near the critical point of a thermodynamic system. We argued that the 
range of correlations, the correlation length £, should increase to infinity as 
one approaches the critical point, according to the scaling law (12.141). The 
exponent in this equation, called v, should depend only on the symmetry of 
the order parameter. We argued, further, that this exponent is related to the 
anomalous dimension of a local operator in ¢* theory, and that it can be 
computed from Feynman diagrams. In this section, we will show that similar 
conclusions apply more generally to a large number of scaling laws associated 
with a critical point. 

To begin, we will define systematically a set of critical exponents, expo- 
nents of scaling laws that describe the thermodynamic behavior in the vicinity 
of the critical point. We will then show, using the Callan-Symanzik equation, 
that all these exponents can be reduced to two basic anomalous dimensions. 
Finally, we will compare this remarkable prediction of quantum field theory 
to experiment. 

In suggesting a set of critical scaling laws, we begin with the behavior of 
the correlation function of fluctuations of the ordering field. For definiteness, 
we will use the language appropriate to a magnet, as in Chapter 8. We will 
compute classical thermal expectation values as correlation functions in a 
Euclidean quantum field theory, as explained in Section 9.3. The fluctuating 
field will be called the spin field s(x), its integral will be the magnetization M, 
and the external field that couples to s(x) will be called the magnetic field H. 
(In deference to the magnetization, we will denote the renormalization scale 
in the Callan-Symanzik equation by yu in this section.) 

Define the two-point correlation function by 


G(x) = (s(a)s(0)), (13.1) 


or by the connected expectation value, if we are in the magnetized phase where 
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(s(z)) Æ 0. Away from the critical point, G(x) should decay exponentially, 
according to 


G(x) ~ exp[—|2|/€]. (13.2) 
The approach to the critical point is characterized by the parameter 
T — Te 
t= . 13.3 
= (13.3) 


Then we expect that, as t — 0, the correlation length should increase to 
infinity. Define the exponent v, (12.141), by the formula 


E~ t7. (13.4) 


Just at t = 0, the correlation function should decay only as a power law. 
Define the exponent 7 by the formula 


1 
© elPH 


G(x) (13.5) 
where d is the Euclidean space dimension. 

The behaviors of thermodynamic quantities near the critical point define 
a number of additional exponents. Typically, the specific heat of the thermo- 
dynamic system diverges as t — 0; define the exponent a by the formula for 
the specific heat at fixed external field H = 0: 


Cy ~ te. (13.6) 


Since the ordering sets in at t = 0, the magnetization at zero field tends to 
zero as t > 0 from below. Define the exponent £8 (not to be confused with the 
Callan-Symanzik function) by 


M ~ |tlÊ. (13.7) 


Even at t = 0 one has a nonzero magnetization at nonzero magnetic field. 
Write the law by which this magnetization tends to zero as H — 0 as the 
relation 

M ~v H1, (13.8) 


Finally, the magnetic susceptibility diverges at the critical point; we write this 
divergence as the relation 
x~ le. (13.9) 


Equations (13.4)-(13.9) define a set of critical exponents a, 8, Y, 6, v, n, which 
can be measured experimentally for a variety of thermodynamic systems. * 
In Chapter 12 we argued, following Wilson, that a thermodynamic system 
near its critical point can be described by a Euclidean quantum field theory. 
At the level of the atomic scale, the Lagrangian of this quantum field theory 
may be complicated; however, when we have integrated out the small-scale 


*A variety of further critical exponents and relations are presented in M. E. Fisher, 
Repts. Prog. Phys. 30, 615 (1967). 
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degrees of freedom, this Lagrangian simplifies. If we adjust a parameter of the 
theory to insure the presence of long-range correlations, the Lagrangian must 
closely approach a fixed point of the renormalization group. Generically, the 
Lagrangian will approach the fixed point with a single unstable or relevant 
direction, corresponding to the mass parameter of ¢* theory. In d < 4, this 
is the Wilson-Fisher fixed point. In d > 4, it is the free-field fixed point. For 
definiteness, we will assume d < 4 in the following discussion. 


Exponents of the Spin Correlation Function 


In this setting, we can study the behavior of the spin-spin correlation function 
G(x). By the argument just reviewed, G(x) is proportional to the two-point 
correlation function of a Euclidean scalar field theory. The technology intro- 
duced in the previous chapter can be applied directly. The correlation function 
obeys the Callan-Symanzik equation (12.125), 


ns + Daz + 27|G(a; Ht, {pi}) = 0. (13.10) 


i 


Here we include the ¢* coupling \ among the generalized couplings p;. 
By dimensional analysis, in d dimensions, 


G(r) = pasle, {pi}). (13.11) 


where g is an arbitrary function of the dimensionless parameters. (This is 
the Fourier transform of the statement that G(p) ~ p~? times a dimension- 
less function.) From this starting point, we can solve the Callan-Symanzik 
equation (13.10) by the method of Section 12.3, and find 

|x| 


G2) = gaa ex |-2 J dlog(|a"|) y({a(e")})}, (13.12) 


1/p 


where h is a dimensionless initial condition. The running coupling constants 
p; obey the differential equation 


d 

We studied the solution to this equation in Section 12.5. We saw there 
that, for flows that come to the vicinity of the Wilson-Fisher fixed point, the 
dimensionless coefficient of the mass operator grows as one moves toward large 
distances, while the other dimensionless parameters become small. Let A, be 
the location of the fixed point. Then we can write more explicitly 


Pn = Pml) 72), 


ú S (13.14) 
Pi = pilule), 
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where A; > 0 for i 4 m. If the deviation of A from the fixed point is treated 
as one of the p;, by defining 


=À- Ay (13.15) 


this parameter also decreases in importance as a power of |z|, as we demon- 
strated in Eq. (12.96). In the language of Section 12.1, all of the parameters 
pi multiply irrelevant operators, except for pm, which multiplies a relevant 
operator. 

To approach the critical point, we adjust the parameters of the underlying 
theory so that, at some scale (1/js) near the atomic scale, pm < 1. If pm 
is adjusted by tuning the temperature of the thermodynamic system, then 
Pm ~ t. The critical scaling laws will be valid if there is a region of distance 
scales where p, remains small while the other p; can be neglected. The scaling 
laws can then be computed by evaluating the solution to the Callan-Symanzik 
equation with f,, given by (13.14) and the other p; set equal to zero. The 
corrections to this approximation can be shown to be proportional to positive 
powers of t. 

In this approximation, we should evaluate the function -y(A) in (13.12) at 
py = 0, that is, at the fixed point. Using this value and the solution for p,n, 
Eq. (13.12) becomes 


1 1 
© e? (uje) a0 


This equation implies the scaling laws (13.5) and (13.4): For the argument of 
h sufficiently small, G(x) obeys Eq. (13.5), with 


n = 2y(Ax)- (13.17) 


G(x) h(t(pula|)? 792A). (13.16) 


At large distances, h must fall off exponentially, since this function is derived 
from a scalar field propagator. From the argument of h, we deduce that this 
exponential must be of the form 


exp[—lel|(ut”)], (13.18) 


where, as in (12.139), 
1 


V = — : 


This is precisely the scaling law (13.2), (13.4), with the identification of v in 
terms of the anomalous dimension of the operator ¢?. 


(13.19) 


Exponents of Thermodynamic Functions 


The thermodynamic critical scaling laws can be derived in a similar way, by 
studying the scaling behavior of macroscopic thermodynamic variables. These 
are derived from the Gibbs free energy, or, in the language of quantum fields, 
from the effective potential of the scalar field theory. Since the effective poten- 
tial, and, more generally, the effective action, are constructed from correlation 
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functions, these quantities should satisfy Callan-Symanzik equations. We will 
now construct those equations and then use them to identify the thermody- 
namic critical exponents. 

In Eq. (11.96), we showed that the effective action T depends on the 
classical field ġa in such a way that the nth derivative of T with respect to 
gc gives the one-particle-irreducible n-point function of the field theory. Thus 
we can reconstruct I from the 1PI functions by writing the Taylor series 


Tipa] = La [dea “dan be(t1) +++ balan) UT (a1,...,an), (13.20) 


where the I”) are the 1PI amplitudes. 

To find the Callan-Symanzik equation satisfied by T'[@a], it is easiest to 
first work out the equation satisfied by I(™, We begin by considering the 
irreducible three-point function I), This function is defined as 

1 


(3) — (3) 
T (p1, P2, p3) GOGA ptp) (p1, p2, P3). (13.21) 


Rescaling with factors Z(u), we see that I’) is related to the irreducible 
three-point function of bare fields by 


re) (p1, p2, p3) = Z(p) 3272) (p1, P2, p3). 


Similarly, the irreducible n-point function is related to the corresponding func- 
tion of bare fields by 


PO) = Z(p)r/2r™ (13.22) 


This relation is identical in form to the corresponding relation for the full 
Green’s functions, Eq. (12.35), except for the change of sign in the exponent. 
From this point, we can follow the logic used to derive the Callan-Symanzik 
equation for Green’s functions, Eq. (12.41); the only difference is that the ny 
term enters with the opposite sign. Thus we find 


"5 +A 2 — n(A) |P Hpi}; u, A) = 0. (13.23) 


To convert this t to an equation for the effective action, note that, on the 
right-hand side of Eq. (13.20), the function I) is accompanied by n powers 
of the classical field. Then Eq. (13.23), integrated with n powers of oe and 
summed over n, is equivalent to the equation 


ð ð 6 
Mon + BO) a = 10) [ax bala ss | T([@ei]; u, à) = 0. (13.24) 


The operator multiplying (A) counts the number of powers of oe in each term 
of the Taylor expansion. By specializing Eq. (13.24) to the case of constant 
de, we find the sense “enn for Veg: 


a + BUA 2 a ag “| Ver (bei, H, A) = 0. (13.25) 


Spo 
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To apply Eq. (13.25) to the problem of critical exponents, we first convert 
this equation to the notation of statistical mechanics by replacing e with the 
magnetization M, the conjugate source J by H, and the effective potential 
Vog by the Gibbs free energy G(M). At the same time, we will generalize A 
to the full set of couplings p;. Then (13.25) takes the form 


ə ə ð 
[a Jn 26: in ™ SFGM, p {Pi} =0. (13.26) 


Now let us find the solution to this equation. As before, we begin from 
a statement of dimensional analysis. In d dimensions, the effective potential 
has mass dimension d, and a scalar field has mass dimension (d — 2)/2. Thus 


G(M, u, {pi}) = MY -29 (Mp 2/2, {o,}), (13.27) 


where ĝ is a new dimensionless function. Inserting (13.27) into (13.26), we see 
that ĝ satisfies 


Mag (= ie d 7] a(Mur 92, (043) =0, (13.28) 


that is, 


a 26: ð 4dy . 
[Mon nae an U a À 0. (13.29) 


Solving this equation, we find 


G(M) = M7) h({p,(M)}) 
M 


4dy - 
xep- f aar rra P], 
pld-2)/2 
13.30 
where the running coupling constants p; obey 
d 28.(43, 


dlogM''~ d-2+2({A,}) 

As in our discussion of the spin correlation function, we specialize to the 
critical region by assuming that we are on a renormalization group flow that 
passes close to the Wilson-Fisher fixed point. We again ignore the effects of 
irrelevant operators. Then we should set 


Bin = Pm (M p~(4-2)/2) 2008 (Aw))/(d-24+27(Ax)) 


x 


(13.32) 
p; = 0 for i Am, 


with pm ~ t. In this approximation, the Gibbs free energy takes the form 
G(M,t) = M24/(4-2) , (M p (4-2)/2) ANODE D245 290) 


; os ODd yy (13.33) 
- h(t(M p2) Yea (Ar ))/(=242704))) 
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where À is a smooth initial condition. 
To simplify the form of the exponents in this expression, we anticipate 
some of the results below and replace 


_ d—-24 29s) 
2(2 — yg2(Ax))’ 
2d d+ 2—2y(dx) (13.34) 


= 1 . 
d— 2+ 24(Ax) d— 2 + 2y(àx) 
We must demonstrate that these new exponents indeed correspond to the 


ones we have defined in Eqs. (13.7) and (13.8). With these replacements (and 
ignoring the dependence on u from here on), we find for G the scaling formula 


G(M,t) = ME h(t M"), (13.35) 


where Å has a smooth limit as t > 0. An equivalent way to represent this 
formula is 
G(M, t) = C+ fM Ê). (13.36) 


The scaling laws for thermodynamic quantities follow immediately from 
these relations. Along the line t = 0, we find from (13.35) that 
ðG > 
H = — =h(0)M®, 13.37 
sap = A(O) (13.37) 
which is precisely (13.8). Below the criticial temperature, we find the nonzero 
value of the magnetization by minimizing G with respect to M. In the scaling 
region, this minimum occurs at the minimum mo of the function f(m) in 
(13.36). This leads to relation (13.7), in the form 


MEP = mo. (13.38) 


If we work above Tc and in zero field, the minimum of f must occur at M = 0. 
Then 
G(t) ~ 049), (13.39) 
To compute the specific heat, we differentiate twice with respect to tempera- 
ture; this gives the scaling law (13.6), with 
d 

Finally, we must construct the scaling law for the magnetic susceptibility. 

From (13.36), the scaling law for H at nonzero t is 


2—a= p(l +ô) = (13.40) 


= — = hê (Mt). (13.41) 
The inverse of this relation is the scaling law 


M = t8e(Ht-**), (13.42) 
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The magnetic susceptibility at zero field is then 


OM 
= (2) = (0) O-Y8, 13.4 
x (oH), ê (0) (13.43) 
Thus, we confirm Eq. (13.9), with the identification 
2(1 = 7.) 
= (6-1) = . 13.44) 


We have now found explicit expressions for all of the various critical ex- 
ponents in terms of the Callan-Symanzik functions. As the dimensionality d 
approaches 4 from below, the fixed point À, tends to zero. Then the six critical 
exponents approach the values that they would attain in simple dimensional 
analysis: 
=j; a=0; =}; 


J-L 8-3 (13.45) 


It is no surprise that the values of 7, v and 8 given in (13.45) are those that we 
derived in Chapter 8 from the the Landau theory of critical phenomena. The 
other values can similarly be shown to follow from Landau theory. The renor- 
malization group analysis tells us how to systematically correct the predictions 
of Landau theory to take proper account of the large-scale fluctuations of the 
spin field. 

Notice that all of the exponents associated with thermodynamic quan- 
tities are constructed from the same ingredients as the exponents associated 
with the correlation function. From the field theory viewpoint, this is obvious, 
since all of the scaling laws in the field theory must ultimately follow from the 
anomalous dimensions of the operators ¢(x) and ¢?(x), which are precisely 
(Ax) and y2(A,). This result, however, has an interesting experimental con- 
sequence: It implies model-independent relations among critical exponents. 
For example, in any system with a critical point, this theory predicts 


a = 2-dy, B= t(d—-2+n)v. (13.46) 


These relations test the general framework of identifying a critical point with 
the fixed point of a renormalization group flow. 

In addition, the field theoretic approach to critical phenomena predicts 
that critical exponents are universal, in the sense that they take the same 
values in condensed matter systems that approach the same scalar field fixed 
point in the limit T —> To. 


Values of the Critical Exponents 


Finally, scalar field theory actually predicts the values of y(A.) and yg2(Ax), 
either from the expansion in powers of e = 4 — d described in Section 12.5 or 
by direct expansion of the 8 and y functions in powers of 4. We can use these 
expressions to generate quantitative predictions for the critical exponents. 
We gave an example of such a prediction at the end of Section 12.5, when we 
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presented in Eq. (12.143) the first two terms of an expansion for v. We now 
return to this question to give field-theoretic predictions for all of the critical 
exponents. 

In our discussion at the end of Section 12.5, we remarked that magnets 
with different numbers of fluctuating spin components are observed to have 
different values for the critical exponents. An optimistic hypothesis would 
be that any thermodynamic system with N fluctuating spin components, or, 
more generally, N fluctuating thermodynamic variables at the critical point, 
would be described by the same fixed point field theory with N scalar fields. 
A natural candidate for this fixed point would be the Wilson-Fisher fixed 
point of the O(.N)-symmetric ¢* theory discussed in Chapter 11. We will now 
describe the computation of critical exponents for general values of N in this 
theory. l 

As a first step, we should compute the values of the functions (A), yA), 
and yẹ2(À) in four dimensions. This computation parallels the analysis done 
in Chapter 12 for ordinary ¢* theory, so we will only indicate the changes 
that need to be made for this case. Just as in ordinary ¢* theory, the prop- 
agator of the massless O(.V)-symmetric theory receives no field strength cor- 
rections in one-loop order, and so the one-loop term in (A) again vanishes. 
In Problem 13.2, we compute the leading, two-loop, contribution to y(A) in 
O(N)-symmetric ¢* theory: 

=(N+ 9)» + O(A) (13.47) 
= 4(872)2 ' 
The one-loop contribution to the @ function in ¢* theory is derived from the 
one-loop vertex counterterm 6), given in Eq. (12.44). For the O(N)-symmetric 
case, we computed the divergent part of the corresponding vertex counterterm 
in Section 11.2; from Eq. (11.22), 


a? r(2-5) 
6 CE (N + 8) TORJE + finite. (13.48) 
Following the logic to Eq. (12.46), or using Eq. (12.54), we find 
A2 
=(N —_ 3). 13.4 
B= (N +8) 2z + 00?) (13.49) 


This reduces to the 8 function of ¢* theory if we set N = 1 and replace 
à — åà/6, as indicated below Eq. (11.5). Finally, to compute Y2, we must 
repeat the computation done at the end of Section 12.4. If we consider, instead 
of (12.113), the Green’s function (¢'(p)¢’ (q)@7(k)), and replace the vertex of 
gf theory by the four-point vertex following from the Lagrangian (11.5), the 
factor (—7A) in the first line of (12.114) is replaced by 


(—2id) [5 OK + ERGI + HSI] . ORE — 2AN + 2)6%, 
Then 


à 
yg = (N +2) +O’). (13.50) 
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Next, we consider the same theory in (4 — e) dimensions. The @ function 


now becomes R 


À 
= —Eà + (N +8) 13.51 
B € + ( + rae ( 51) 


so there is a Wilson-Fisher fixed point at 


8n7€ 
Àx = . 13.52 
N+8 ( ) 
At this fixed point, we find 
N+2 N+2 
(Ax) = + sO te, ye (Ax) = et. (13.53) 


~ ACN + 8) 


From these two results, we can work out predictions for the whole set of 
critical exponents to order e. As an example, inserting (13.53) into (13.19), 
we find 


e+ Ole), (13.54) 


as claimed at the end of Section 12.5. 

In our discussion in Chapter 12, we claimed that the predictions of crit- 
ical exponents are in rough agreement with experimental data. However, by 
computing to higher order, one can obtain a much more precise comparison 
of theory and experiment. The € expansion of critical exponents has now been 
worked out through order eï. More impressively, the À expansion for criti- 
cal exponents in d = 3 has been worked out through order \°. By summing 
this perturbation series, it is possible to obtain very precise estimates of the 
anomalous dimensions 7(A,.) and yg2(A+) and, through them, precise predic- 
tions for the critical exponents. 

A comparison of these values to direct determinations of the critical expo- 
nents is given in Table 13.1. The column labeled ‘QFT” gives values of critical 
exponents obtained by anomalous dimension calculations using ¢* pertur- 
bation theory in three dimensions. The column labeled ‘Experiment’ lists a 
selection of experimental determinations of the critical exponents in a variety 
of systems. These include the liquid-gas critical point in Xe, CO2, and other 
fluids, the critical point in binary fluid mixtures with liquid-liquid phase sepa- 
ration, the order-disorder transition in the atomic arrangement of the Cu-Zn 
alloy @-brass, the superfluid transition in *He, and the order-disorder transi- 
tions in ferromagnets (EuO, EuS, Ni) and antiferromagnets (RbMnF3). The 
agreement between experimental determinations of the exponents in different 
systems is a direct test of universality. For the case of systems with a single 
order parameter (N = 1), there is a remarkable diversity of physical systems 
that are characterized by the same critical exponents. 

The column labeled ‘Lattice’ contains estimates of critical exponents in 
abstract lattice statistical mechanical models. For these simplified models, the 
statistical mechanical partition function can be calculated in an expansion for 
large temperature. With some effort, these expansions can be carried out to 
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Table 13.1. Values of Critical Exponents 
for Three-Dimensional Statistical Systems 


Critical Exponents and Scalar Field Theory 


Exponent Landau QFT 


Lattice Experiment 


N = 1 Systems: 
y 1.0 
v 0.5 
a 0.0 
B 0.5 
n 0.0 

N = 2 Systems: 
y 1.0 
v 0.5 
Q 0.0 

N = 3 Systems: 
y 1.0 
v 0.5 
Q 0.0 
B 0.5 
n 0.0 


The values of critical exponents in the column ‘QFT’ are obtained by resumming 
the perturbation series for anomalous dimensions at the Wilson-Fisher fixed point in 


1.241 (2) 


0.630 (2) 
0.110 (5) 
0.325 (2) 


0.032 (3) 


0.033 (4) 


0.041 (14) 


binary liquid 
liquid-gas 
8-brass 
binary liquid 
8-brass 
binary liquid 
liquid-gas 
binary liquid 
liquid-gas 
binary liquid 
B-brass 


superfluid *He 
superfluid *He 


BuO, EuS 
Ni 


BuO, EuS 
Ni 
RbMnF3 


O(N)-symmetric ¢* theory in three dimensions. The values in the column ‘Lattice’ 


are based on analysis of high-temperature series expansions for lattice statistical me- 
chanical models. The values in the column ‘Experiment’ are taken from experiments 
on critical points in the systems described. In all cases, the numbers in parentheses are 
the standard errors in the last displayed digits. This table is based on J. C. Le Guil- 
lou and J. Zinn-Justin, Phys. Rev. B21, 3976 (1980), with some values updated from 
J. Zinn-Justin (1993), Chapter 27. A full set of references for the last two columns can 


be found in these sources. 
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15 terms or more. By resumming these series, one can obtain direct theoretical 
estimates of the critical exponents, with an accuracy comparable to that of 
the best experiments. The comparison between these values and experiment 
tests the identification of experimental systems with the simple Hamiltonians 
that were the starting point for our renormalization group analysis. 

The agreement of all three types of determinations of the critical expo- 
nents presents an impressive picture. The picture is certainly not perfect, and 
a careful inspection of Table 13.1 reveals some significant discrepancies. But, 
in general, the evidence is compelling that quantum field theory provides the 
basic explanation for the thermodynamic critical behavior of a broad range 
of physical systems. 


13.2 Critical Behavior in Four Dimensions 


Now that we have discussed the general theory of critical exponents for d < 4, 
let us concentrate some attention on the case d = 4. This case obviously has 
special interest for the applications of quantum field theory to elementary 
particle physics. In addition, we now know that d = 4 lies on a boundary at 
which the Wilson-Fisher fixed point disappears. We would like to understand 
the special behavior of quantum field theory predictions at this boundary. 

The most obvious difference between d < 4 and d = 4 is that, while in the 
former case the deviation of A from the fixed point multiplies an irrelevant 
operator, in the case d = 4, A multiplies a marginal operator. We have seen in 
Eq. (12.82) that, at small momenta or large distances, the running value of À 
still approaches its fixed point, now located at À = 0. However, this approach 
is described by a much slower function, not a power but only a logarithm of 
the distance scale. Thus it is normally not correct to ignore the deviation of 
A from the fixed point. Including this effect, we find additional logarithmic 
terms, analogous to the dependence of correlation functions on log p that we 
already know characterizes a renormalizable field theory. 

To give a nontrivial illustration of this logarithmic dependence, we return 
to a problem that we postponed at the end of Chapter 11. In Eq. (11.81), 
we obtained the expression for the effective potential of øt theory to second 
order in A, in the limit of vanishing mass parameter: 


A2 
(47) 
(Note that we now return to our standard notation, in which M is the renor- 


malization scale and p is a mass parameter.) This expression seemed to have 
a minimum for very small values of ġe, but only at values so small that 


|Alog(Ag2,/M?)| ~ 1. (13.56) 
Since, at the nth order of perturbation theory, one finds n powers of this loga- 


rithm, Eq. (13.56) implies that the higher-order terms in À are not necessarily 
negligible. What we need is a technique that sums these terms. 


Vor = Lot È i ; (ww + 8) (log(A¢2,/M*) — 2) + 9log 3)]. (13.55) 
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This summation is provided by the Callan-Symanzik equation. From 
(13.24) or (13.25), the Callan-Symanzik equation for the effective potential 
in the massless limit of four-dimensional ¢* theory is 


o 
dpa 


As before, we can solve for Veg by combining this equation with the predictions 
of dimensional analysis. In d = 4, 


ð ð 
[Maz + BS a Verlóa M,A) = 0. (13.57) 


Ver (per, M, A) = gav (pa/M, A). (13.58) 
Then v satisfies ə Ba 4 
y 
— t =U. 1 . 
bazz 147A I je 0 (13.59) 


This equation for v can be solved by our standard methods, to give 
el 
(O/M. A = wA ep] | dog 
M 


Sa (Aloa) , (13.60) 


where À satisfies 


dy BA (13.61) 

dlog(ga/M) 1+ (A) 

However, since we are working only to the order of the leading loop correc- 

tions, and since (A) is zero to this order, we can ignore the exponential in 

(13.60). In addition, we can ignore the denominator on the right-hand side of 

(13.61), so that this equation reduces to the more standard form of the equa- 

tion (12.73) for the running coupling constant. Thus, using the leading-order 
Callan-Symanzik function, we find 


Ves (ei) = volha) Pa (13.62) 


The function vo in (13.62) is not determined by the Callan-Symanzik 
equation. To find this function, we compare (13.62) to the result (13.55) that 
we obtained from our explicit one-loop evaluation of the effective potential. 


The precise constraint is the following: After choosing the function vo(à), 
substitute for A the solution (12.82) to the renormalization group equation, 


À 
(à/87?)(N +8) log(da/M) 
Then expand the result in powers of À and drop terms of order \? and higher. 


If vp is chosen correctly, the result should agree with (13.55). Applying this 
criterion, we find the following result for the effective potential: 


Aga) = 7 (13.63) 


Vert (Set) = Tot [A+ ae ((N-+8)(log\~ 3) +910g3)], (13.64) 


where À is given by (13.63). 
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The error in Eq. (13.64) comes in the determination of vp as a power 


series in À. Thus this error is of order X”. As det — 0, A — 0, and so the 
representation (13.64) becomes more and more accurate. Thus this formula 
successfully sums the powers of the dangerous logarithm (13.56). Viewed as 
a function of ġe, (13.64) has its minimum at ¢. = 0. Thus the apparent 
symmetry-breaking minimum of (13.55) is indeed an artifact of the incomplete 
perturbation expansion and disappears in a more complete treatment. This 
resolves the question that we raised in Section 11.4. We should note that, 
in more complicated examples, an apparent symmetry-breaking minimum of 
the effective potential found in the one-loop order of perturbation theory can 
survive a renormalization-group analysis. An example is given in the Final 
Project for Part II. 

The procedure we have followed in this argument is called the renor- 
malization group improvement of perturbation theory. The technique can be 
applied equally well to the computation of correlation functions and other pre- 
dictions of Feynman diagram perturbation theory: One compares the solution 
of the Callan-Symanzik equation to the result of a straightforward perturba- 
tion theory computation to the same order in the coupling constant, choosing 
the undetermined function in the renormalization group solution in such a 
way as to reproduce the perturbation theory result. In this way, one finds a 
more compact formula in which large logarithms such as those in (13.56) are 
resummed into running coupling constants. This resummation produces the 
dependence of correlation functions on the logarithm of the mass scale that 
characterizes a field theory with a marginal or renormalizable perturbation. 

In the case of øt theory, the running coupling constant goes to zero at 
small momenta and becomes large at large momenta. Since the error term 
in improved perturbation theory is a power of A, the improved perturbation 
theory becomes accurate at small momenta but goes out of control at large 
momenta. This accords with our physical intuition: We would expect pertur- 
bation theory to be accurate only when the running coupling constant stays 
small. 

In an asymptotically free theory, where the running coupling constant be- 
comes small at large momenta, we can find accurate expressions for correlation 
functions at large momenta using renormalization-group-improved perturba- 
tion theory. In Chapters 17 and 18 we will use this idea as our major tool in 
analyzing the short-distance behavior of the strong interactions. 
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13.3 The Nonlinear Sigma Model 


To complete our study of scalar field theory, we will discuss a nonlinear theory 
of scalar fields, whose structure is very different from that of 4 theory. This 
theory, called the nonlinear sigma model, was first proposed as an alternative 
description of spontaneous symmetry breaking. It will be interesting to us for 
three reasons. First, it provides a simple explicit example of an asymptotically 
free theory. Second, it will give us a second dimensional expansion with which 
we can study the Wilson-Fisher fixed point. Then we can see where the Wilson- 
Fisher fixed point goes in the space of Lagrangians for dimensions d well below 
4. Finally, we will show that the nonlinear sigma model is exactly solvable in 
a limit that is different from the standard weak-coupling limit. This solution 
will give us further insight into the dependence of symmetry breaking on 
spacetime dimensionality. 


The d = 2 Nonlinear Sigma Model 


We begin our study in two dimensions. In d = 2, a scalar field is dimensionless; 
thus, any theory of scalar fields ¢' with a Lagrangian of the form 


L= fyd HOG OMe? (13.65) 


has dimensionless couplings and so is renormalizable. Since any function 
f({¢'}) leads to a renormalizable theory, this class of scalar field theories 
contains an infinite number of marginal parameters. To restrict these possible 
parameters, we must impose some symmetries on the theory. 

A simple choice is to take the scalar fields ¢’ to form an N-component 
unit vector field n*(x), constrained to satisfy 


No 
> In’ (æ) = 1. (13.66) 
i=1 


If we insist that the field theory has O(N) symmetry, the function f in (13.65) 
can depend only on the invariant length of f(x), which is constrained by 
(13.66). Thus, the most general possible choice for f is a constant. Similarly, 
the only possible nonderivative interaction g({n’}) that one might add to 
(13.65) is a constant, and this would have no effect on the Green’s functions 
of ñi. With these restrictions, the most general Lagrangian one can build from 
n(x) with two derivatives and O(N) symmetry is 


1 - 
L= ggz Al. (13.67) 


This theory has a straightforward physical interpretation. It is a phe- 
nomenological description of a system with O(N) symmetry spontaneously 
broken by the vacuum expectation value of a field that transforms as a vector 
of O(N). Consider, for example, the situation in N-component ¢* theory in 
its spontaneously broken phase. The field ¢’ acquires a vacuum expectation 


13.3 The Nonlinear Sigma Model 455 


value, which we can write in terms of a magnitude and a direction parame- 
terized by a unit vector 


(Y) = pon’ (x). (13.68) 


The fluctuations of ġo correspond to a massive field, the field called ø in Chap- 
ter 11. The fluctuations of the direction of the unit vector 7i(x) correspond to 
the N — 1 Goldstone bosons. Notice that 7 has N components subject to the 
one constraint (13.66), and so contains N — 1 degrees of freedom. Formally, 
the nonlinear sigma model is the limit of ¢* theory as the mass of the ø field 
is taken to infinity while 9 is held constant. 

Despite this suggestive connection, we will first analyze the nonlinear 
sigma model on its own footing as an independent quantum field theory. It 
is convenient to solve the constraint and parametrize 7 by N — 1 Goldstone 
boson fields 7*: 


nê = (n',o), (13.69) 

where, by definition, 
o= (1 -r?° (13.70) 
The configuration m = 0 corresponds to a uniform state of spontaneous 


symmetry breaking, oriented in the N direction. The representation (13.69) 
implies that 


i12 2 (#- 0,7)? 
ðn | = O + a (13.71) 
Then the Lagrangian (13.67) takes the form 
1 2 (#-0,7)" 


Notice that there is no mass term for the field 7, as required by Goldstone’s 
theorem. 

The perturbation theory for the 7* field can be read off straightforwardly 
by expanding the Lagrangian in powers of 1°: 


1 1 
L= gp F + a3 OPH. (13.73) 
This leads to the Feynman rules shown in Fig. 13.1, plus additional vertices 
with all even numbers of 7* fields. Since the Lagrangian (13.67) is the most 
general O(N)-symmetric Lagrangian with dimensionless coefficients that can 
be built out of these fields, the theory can be made finite by renormalization of 
the coupling constant g and O(N)-symmetric rescaling of the fields 7” and ø. 


In renormalized perturbation theory, there are divergences and counterterms 
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Figure 13.1. Feynman rules for the nonlinear sigma model. 


for each possible 2n-7 vertex; however, these counterterms are all related by 
the basic requirement that the bare Lagrangian preserve the O(N) symmetry. 

We now compute the Callan-Symanzik functions for this theory. Since 
the theory is renormalizable, its Green’s functions obey the Callan-Symanzik 
equation for some functions 73, y. ees 


[Mo aa + Blo 2 TU Jam =o, (13.74) 


where G™ is a Green’s function of n fields 7* or o. To identify the 8 and y 
functions, to the leading order in perturbation theory, we compute two simple 
Green’s functions to one-loop order and then see what forms are necessary if 
the Callan-Symanzik equation is to be satisfied. 

The first Green’s function we consider is 


GO = (a(x). (13.75) 
Expanding the definition (13.70), we find 


(o(0)) =1-$(W7(0))4--- = 1 + OF (13.76) 


To evaluate this formula, we use the propagator of Fig. 13.1 to compute 


= ig’ 
k( ke 


We have added a small mass p as an infrared cutoff. Then 


2 ri—¢ 
(x" (0) (0)) = TOE a = 


(13.78) 


Using this result in our expression for (o) and then subtracting at the mo- 
mentum scale M, we find 


1 2 1 1 
(7) =1 9 (N Dya” \( came amar) + O(g*) 


2(N-1 M? 
I (NTD og 2 + O(g”). (13.79) 
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This expression satisfies the Callan-Symanzik equation to order g? only if 
2 
g (N-1 
(9) = E oft), (13.80) 


Next, consider the 7* two-point function, 


(a*(p)x!(—p)) = ——«—— + ( ) 4 


2 “2 “2 

29 che , 9 pkey 29 

= 6 + all free 
p? p? ( ) p? 

In evaluating II*ć from the Feynman rules in Fig. 13.1, we again encounter 

the integral (13.77), and also the integral 


(13.81) 


d i 21.2 
_ gy STO- 2) che 
~ Gy? ya? 


This formula has no pole at d = 0, and for d > 0 it is proportional to a positive 
power of u°; hence, we can set this contraction to zero. Then 


Grey? 1 r(1—-$) 


(13.82) 


key) 
II" (p) Py? Gaya (13.83) 
Subtracting at M as above and taking the limit d — 2, we find 
. 2 + 
ig ig? M? ig 
(a*(p)n*( p)) = z0 4 (+i? In 8 =) ae 
p p we p (13.84) 
2 che g 
= — l 
70" C aA) 
Applying the “_! equation to this result gives 
ata 5 + 2y(a)] (="ja (=p) = 0 
a j , (13.85) 
= U + B(g) -2g + 29°y(g)]. 
Inserting the result (13.80) for y(g), we find 
3 
g 
BU) = —(N-2)— + O(9"). (13.86) 


At N = 2 precisely, the beta function vanishes. This is not an accident 
but rather is a nontrivial check of our calculation. For N = 2, we can make 
the change of variables 7! = sin 0; then ø = cos 0, and the Lagrangian takes 
the form 


1 
L= gya uO)”. (13.87) 
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This is a free field theory for the field (zx), so it can have no renormalization 
group flow. 

For N > 2, the 8 function is negative: This theory is asymptotically free. 
The running coupling constant g becomes small at small distances and grows 
large at large distances. 

In quantum electrodynamics, we found an appealing physical picture for 
the sign of the coupling constant evolution. As we discussed in Section 7.5, the 
process of virtual pair creation makes the vacuum a dielectric medium, which 
screens electric charge. One would therefore expect the effective Coulomb 
interaction of charge to decrease at large distances and increase at small dis- 
tances. It is easy to imagine that a similar screening phenomenon might occur 
in any quantum field theory. Thus, it is surprising that, in this theory, we 
have found by explicit calculation that the coupling constant evolution has 
the opposite sign. What is the physical explanation for this? 

In fact, the original derivation of the asymptotic freedom of the nonlin- 
ear sigma model, due to Polyakov,’ gave a clear physical argument for the 
sign of the evolution. Now that we have derived the 8 function by the au- 
tomatic method of the Callan-Symanzik equation, let us review Polyakov’s 
more physical derivation. 

Polyakov analyzed the nonlinear sigma model using Wilson’s momentum- 
slicing technique, which we discussed in Section 12.1. Consider, then, the 
nonlinear sigma model defined with a momentum cutoff in place of the di- 
mensional regulator. As in Section 12.1, we work in Euclidean space with 
initial cutoff A. 

The original integration variables are the Fourier components of the unit 
vector field n*(x). We wish to integrate out of the functional integral those 
Fourier components corresponding to momenta k in the range bA < |k| < A. If 
the remaining components are Fourier-transformed back to coordinate space, 
they describe a coarse-grained average of the original unit vector field. This 
averaged field can be rescaled so that it is again a unit vector at each point. 
Call this averaged and rescaled field ñ%*. Then we can write the relation of nt 
and 7’ as follows: 


N—i 
n(x) =R (1) (1-8) + J ga(a)ei la). (13.88) 


In this equation, the vectors č(x) form a basis of unit vectors orthogonal 
to n(x). In Polyakov’s picture, (x) and the a(x) are slowly varying. On 
the other hand, the coefficients ¢,(x) contain only Fourier components in the 
range bA < |k] < A. These are the variables we integrate over to achieve the 
renormalization group transformation. 


TA. M. Polyakov, Phys. Lett. 59B, 79 (1975). 
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To set up the integral over a, we first work out 


pni =ð, ñ (1 pe a'(; p: Ong ) Bupati + papei. (13.89) 


_ p?)1/2 
By the definition of ñ, a, these vectors satisfy 
ln|? = 1; ñ Ea = 0. (13.90) 


Taking the derivative of these identities, we find 
n- Opn = 0; Nn: OpEa + O,n- & = O. (13.91) 


Using the identities in (13.90) and (13.91), we can compute the Lagrangian 
of the nonlinear sigma model through terms quadratic in the a: 


o Lpa sae 
C= Bun? = 525 [APO ~ 4°) + ud)? + Aad) 948) 


-1 
— TA 
+ baOuit Ea + papo” En  O,e H |: (13.92) 


We will consider the second term of (13.92) to be the zeroth-order La- 


grangian for ġa. Thus, 
1 


Lo = = 
0 292 


(Ippa), (13.93) 


which gives the propagator 


(balo) =o) = Sdan (13.94) 


restricted to the momentum region bA < |p| < A. This propagator can be used 
to integrate the remaining terms of the Lagrangian over the ġa. Borrowing 
the integrals from the derivation of (13.84), we can set 


($a(0)0,.65(0)) = (0 pa (0)3 apa (0)) = 0 (13.95) 


and 
2 2 


(ba(0)d0(0)) = bas $= log Gs (13.96) 


Then, after the integral over ¢, the new Lagrangian is given approximately 
by 


Lew = a [IBA (1 — (6)) + (ads) Ipea- O"% +O, (13.97) 


where the expectation values of ġa are given by (13.96). 
To simplify this further, we must simplify the structure (0,,€,)? that ap- 
pears in the second term of (13.97). Introduce a complete basis of vectors: 


(Op€a)” = (7+ On€a)? CA (13.98) 


The second term on the right is a new structure, associated with the torsion 
of the coordinate system for ea; it turns out to correspond to an irrelevant 
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operator induced by the renormalization procedure. The first term, however, 
can be put into a familiar form by using the two identities (13.91): 


(A Ope) = (Ea Onn)? = (OL). (13.99) 
Then 


o 1 -2 g? 1 g? Ly. 
fot = 2g? en (1 (N ve log b? + Ar log z) l | 


(13.100) 


_il 2, gt 1 , Tla no 
=5(9 + EU -2)log5 +) laut? 


The quantity in parentheses is the square of a running coupling constant. To 
the order of our calculation, this quantity satisfies 
d _ 33 
g = -(N-2)—_, 
dlogb 4r 


(13.101) 


in agreement with (13.86). 

In this calculation, the sign of the coupling constant renormalization 
comes from the fact that the effective length of the unit vector ř is reduced by 
averaging over short-wavelength fluctuations. This lowers the effective action 
associated with a configuration in which the direction of # changes over a dis- 
placement Az (see Fig. 13.2). Looking back at (13.67), we see that a decrease 
of the magnitude of £ for the same configuration of ñ can be interpreted as 
an increase of the effective coupling. Thus the nonlinear sigma model is more 
strongly coupled, or, in terms of the physical configuration of the 7 field, more 
disordered, at large distances. 

Our calculation implies that, if any two-dimensional statistical system 
apparently has spontaneously broken symmetry and Goldstone bosons, then, 
at large distances, the ordering disappears. This is an unexpected conclusion. 
However, this conclusion is in accord with a theorem proved by Mermin and 
Wagner? that a two-dimensional system with a continuous symmetry cannot 
support an ordered state in which a symmetry-breaking field has a nonzero 
vacuum expectation value. This theorem applies to the case N = 2 as well as 
to N > 2. We have motivated this theorem in Problem 11.1. 


The Nonlinear Sigma Model for 2<d< 4 


We now extend the results of this analysis to dimensions d > 2. In general d, 
we will continue to define the action of the nonlinear sigma model by 


1 
fese = [iron (13.102) 


where 7 is still dimensionless, since it obeys the constraint |7|? = 1. Thus 
g has the dimensions (mass) ?—-%/ 2. We define a dimensionless coupling by 


tN. D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966). 
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Figure 13.2. Averaging of the direction of 7, and its interpretation as an 
increase of the running coupling constant. 


writing 
T=9°M??, (13.103) 


just as we did in (12.122). If (13.102) is viewed as the Boltzmann weight of 
a partition function, then T is a dimensionless variable proportional to the 
temperature. 

From (13.103), we can find the £ function for T in d dimensions, in analogy 
to Eq. (12.131): 


B(T) = (d ~ 2)T + 298 (9), (13.104) 
where the factor of 2g in the second term comes from the definition T ~ g?. 


Since 7 is dimensionless, the y function is unchanged from the two-dimensional 
result when expressed in terms of dimensionless couplings. Thus, in d = 2+e, 


T? 
BL) = +T — (N-22) z>: 
T T (13.105) 
XT) = (N-1) =. 


Notice that the 8 function for T has a nontrivial zero, which approaches 
T =0 as e — 0. This zero is located at 


2me 


ZN? 


The form of the 8 function is sketched in Fig. 13.3. In contrast to the Wilson- 
Fisher zero in d = 4 — e, discussed in Section 12.5, this is an ultraviolet-stable 
fixed point. The flows to the infrared go out from this fixed point. Since T is 
proportional to the temperature of the corresponding statistical system, t — 0 
is the state of complete order, while ¢ >> 1 is the state of complete disorder. 
This agrees with the intuition that accompanied Polyakov’s derivation of the 
6 function. The fixed point T, corresponds to the critical temperature. Thus, 
the critical temperature tends to zero as d > 2, in accord with the Mermin- 
Wagner theorem. 


T, (13.106) 
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Figure 13.3. The form of the @ function in the nonlinear sigma model for 
d>2. 


We can now compute the critical exponents of the nonlinear sigma model 
in an expansion in € = d — 2. The exponent 7 is given straightforwardly by 
€ 


= 27(T,) = —. 
1 = 2T.) = F 


To find the second exponent v, we need to identify the relevant perturbation 
that corresponds to the renormalization group flow away from the fixed point 
for T # Tc. This is just the deviation of T from T,: 


pr =T-T,. (13.108) 


(13.107) 


From the renormalization group equation for the running coupling constant, 
we find that the running pr obeys 
d | d 


—~— p — Pr- 13.1 
dlog p FAD] Pr (13.109) 


PT = 
The quantity in brackets is negative. As in Eqs. (12.134) and (12.137), we can 
identify this quantity with (—1/v): At a momentum p < M, 


—1/v 


Pr(p) = pr( +) (13.110) 


thus p(p) becomes of order 1 at a momentum that is the inverse of € ~ 
(I'—T,)~”, as required. Using the explicit form of the 3 function from (13.105), 
we find 


v=-, (13.111) 
€ 


independent of N to this order in e. (Of course, these results apply only for 
N > 3.) The thermodynamic critical exponents can be found from (13.107) 
and (13.111) using the model-independent relations derived in Section 13.1. 
When the values found here for v and 7 are extrapolated to d = 3 (that is, 
€ = 1), the agreement with experiment is not spectacular, but the results at 
least suggest that the fixed point we have found here may be the continuation 
of the Wilson-Fisher fixed point to the vicinity of two dimensions. 
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Exact Solution for Large N 


It is possible to obtain further insight into the nature of this fixed point 
by attacking the nonlinear sigma model using another approach. Since the 
nonlinear sigma model depends on a parameter N, the number of components 
of the unit vector, it is reasonable to ask how this model behaves as N — oo. 
We now show that if we take this limit holding g?N fixed, we can obtain an 
exact solution to the model with nontrivial behavior. 

The manipulations that lead to this solution are most clear if we work in 
Euclidean space, regarding the Lagrangian as the Boltzmann weight of a spin 
system. Then we must compute the functional integral 


z= [Dn exo |= [ate sal (0,7) Me [] 50°" (13.112) 


Here go is the bare value of the coupling constant, while the product of delta 
functions, one at each point, enforces the constraint. Introduce an integral 
representation of the delta functions; this requires a second functional integral 
over a Lagrange multiplier variable a(z): 


d 1 2 a J d 2 
. Al 


Now the variable n is unconstrained and appears in the exponent only 
quadratically. Thus, we can integrate over n, to obtain 


= fro (det[-8° + ia(a)) -b [ae al. 


N 
= fpa exp|—5 trlog(- -3 + ia) + zg? z | atval. 


(13.114) 


Since we are taking the limit N — oo with gN held fixed, both terms 
in the exponent are of order N. Thus it makes sense to evaluate the integral 
by steepest descents. This entails dominating the integral by the value of the 
function a(x) that minimizes the exponent. To determine this configuration, 
we compute the functional derivative of the exponent with respect to a(x). 
This gives the variational equation 


X (e| = |e) = 5 
2 | ae F ia T Dg” 


The left-hand side of this equation must be constant and real; thus, we should 
look for a solution in which a(x) is constant and pure imaginary. Write 


(13.115) 


a(x) = —im?; (13.116) 
then m? obeys 
d*k 1 1 
N =. 13.11 
Je ktm? g ( 7) 
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We will study this equation first in d = 2. If we define the integral in 
(13.117) with a momentum cutoff, we can evaluate this integral and find the 
equation for m: 


N A 1 
=~ log — = 5. (13.118) 
27 m g 
We can make this equation finite by the renormalization 
1 1 N A 
= = — + > log — 13.119 
g g + 2r È IP ( ) 


which introduces an arbitrary renormalization scale M. Then we can solve for 
m, to find 


m= Mexp[-Sa (13.120) 


This is a nonzero, O(N)-invariant mass term for the N unconstrained com- 
ponents of 7. In this solution, (7%) = 0 and the symmetry is unbroken, for any 
value of g? or T. 

The solution of the theory does depend on the arbitrary renormalization 
scale M; this dependence simply reflects the arbitrariness of the definition 
of the renormalized coupling constant. The statement that m follows unam- 
biguously from an underlying theory with fixed bare coupling and cutoff is 
precisely the statement that m obeys the Callan-Symanzik equation with no 
overall rescaling: 


a a 
M— 2) 2 In(g?, M) = 0. 
am + (9 FAG ,M)=0 (13.121) 
Using the large-N limit of (13.86), 
3N 
Ag) = =. (13.122) 


it is easy to check that (13.121) is satisfied. Conversely, the validity of (13.121) 
with (13.122) tells us that Eq. (13.122) is an exact representation of the 8 
function to all orders in g?°N in the limit of large N. The corrections to (13.122) 
are of order (1/N) or, equivalently, of order g? with no compensatory factor of 
N. Equation (13.122) agrees with our earlier calculation (13.86) to this order. 

Now let us redo this exercise in d > 2. In this case, the integral in (13.117) 
diverges as a power of the cutoff. Even when the dependence on A is removed 
by renormalization, this change in behavior leads to a change in the depen- 
dence of the integral on m, which has important physical implications. 

It is not difficult to work out the integral in (13.117) as an expansion in 
(A/m). One finds: 


J dik 1i ee —~Com@? +- ford <4, 
(Qr)¢k? +m? | CA2 — Com? ATi 4... ford > 4, 


(13.123) 
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where C1, C2, Cy are some functions of d. In particular, 
-] -1 
C = [rener (Ea - 2)| (13.124) 


In d > 4, the first derivative of the integral with respect to m? is smooth as 
m? — 0; this is the reason for the change in behavior. 

In the case d = 2, the left-hand side of (13.117) covered the whole range 
from 0 to oo as m was varied; thus, we could always find a solution for any 
value of g2. In d > 2, this is no longer true. Equation (13.117) can be solved 
for m only if Ng? is greater than the critical value 


Ng = (CyAt?)™*. (13.125) 


Just at the boundary, m = 0. For bare couplings weaker than (13.125), it is 
possible to lower the value of the effective action by giving one component of 
na vacuum expectation value while keeping the other components massless. 
Thus (13.125) is the criterion for the second-order phase transition in this 
model. Equation (13.124) implies that the critical value of g, which is pro- 
portional to the critical temperature, goes to zero as d — 2, in accord with 
our renormalization-group analysis. 

In the symmetric phase of the nonlinear sigma model, the mass m de- 
termines the exponential fall-off of correlations, so € = m~!. Thus we can 
determine the exponent v by solving for the dependence of m on the devia- 
tion of g2 from the critical temperature. Write 


2_ 42 
t= 9c (13.126) 
Ie 
Then, in 2 < d < 4, we can use (13.123) to solve (13.117) for m for small 


values of t. This gives 
1 


—— . t= Omi? 13.127 
Ng, 2m ’ ( ) 

which implies m ~ t” with 

1 
= 2<d<4. 13.128 
v=- (13.128) 
Similarly, 
1 

v=5,  d>4. (13.129) 


The discontinuity in the dependence of v on d is exactly what we predicted 
from renormalization group analysis. For d > 4, the value of v goes over to 
the prediction of naive dimensional analysis. The value of v given by (13.128) 
is in precise agreement with (13.111), in the expansion € = d — 2, and with 
the N — œ limit of (12.142), in the expansion € = 4 — d. Apparently, all of 
our results for critical exponents mesh in a very satisfying way. 

By combining all of our results, we arrive at a pleasing picture of the be- 
havior of scalar field theory as a function of spacetime dimensionality. Above 
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four dimensions, any scalar field interaction is irrelevant and the expected 
behavior is trivial. Just at four dimensions, the coupling constant tends to 
zero only logarithmically at large scale, giving rise to a renormalizable the- 
ory with predictions such as those in Section 13.2. Below four dimensions, 
the theory is intrinsically a theory of interacting scalar fields, dominated by 
the Wilson-Fisher fixed point. The coupling at this fixed point is small near 
four dimensions but grows large as the dimensionality decreases. Finally (for 
N > 2), as d — 2, the fixed-point theory approaches the weak-coupling limit 
of a completely different Lagrangian with the same symmetries, the nonlinear 
sigma model. 

This evolution of the behavior of the model as a function of d illustrates 
the main point of the previous two chapters: The qualitative behavior of a 
quantum field theory is determined not by the fundamental Lagrangian, but 
rather by the nature of the renormalization group flow and its fixed points. 
These, in turn, depend only on the basic symmetries that are imposed on the 
family of Lagrangians that flow into one another. This conclusion signals, at 
the deepest level, the importance of symmetry principles in determining the 
fundamental laws of physics. 


Problems 


13.1 Correction-to-scaling exponent. For critical phenomena in 4— e dimensions, 
the irrelevant contributions that disappear most slowly are those associated with the 
deviation of the coupling constant À from its fixed-point value. This gives the most im- 
portant nonuniversal correction to the scaling laws derived in Section 13.1. By studying 
the solution of the Callan-Symanzik equation, show that if the bare value of à differs 
slightly from àx, the Gibbs free energy receives a correction 


G(M,t) > G(M,t)- (1+ (A — A) (tM 71/9), 


This formula defines a new critical exponent w, called the correction-to-scaling expo- 
nent. Show that 
w= — =6+0(ê). 


* 


13.2 The exponent 7. By combining the result of Problem 10.3 with an appropriate 
renormalization prescription, show that the leading term in y(A) in $* theory is 


2 
= (4m 
Generalize this result to the O(N)-symmetric ¢4 theory to derive Eq. (13.47). Compute 
the leading-order (e?) contribution to n. 


13.3 The CPN model. The nonlinear sigma model discussed in the text can be 
thought of as a quantum theory of fields that are coordinates on the unit sphere. 
A slightly more complicated space of high symmetry is complex projective space, 
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CPN. This space can be defined as the space of (N + 1)-dimensional complex vectors 


(21,.. 


.,2N+41) subject to the condition 


dole? =1, 
j 


with points related by an overall phase rotation identified, that is, 


(e*%21,...,€"%2n 41) identified with (21,...,241). 


In this problem, we study the two-dimensional quantum field theory whose fields are 
coordinates on this space. 


(a) 


(b) 


(c) 


One way to represent a theory of coordinates on CP is to write a Lagrangian 
depending on fields z;(x), subject to the constraint, which also has the local 
symmetry ; 
23(4) > ele) x(x), 
independently at each point z. Show that the following Lagrangian has this 
symmetry: 
1 2 2 
L= z lens + | 23 On25| |. 


To prove the invariance, you will need to use the constraint on the zj, and its 
consequence 


25 On25 = —(On27 )zj. 


Show that the nonlinear sigma model for the case N = 3 can be converted to 
the CPN model for the case N = 1 by the substitution 


where o’ are the Pauli sigma matrices. 


To write the Lagrangian in a simpler form, introduce a scalar Lagrange multiplier 
A which implements the constraint and also a vector Lagrange multiplier A; to 
express the local symmetry. More specifically, show that the Lagrangian of the 
CPN model is obtained from the Lagrangian 


1 
L= gallPuzal? -= A(z? — 1), 


where D, = (0, +iAp), by functionally integrating over the fields A and A,,. 


We can solve the CP model in the limit N —> oo by integrating over the fields 
zj. Show that this integral leads to the expression 


z= [papra] N trlog(—D? ~ A) + + feal, 
g 


where we have kept only the leading terms for N — œœ, g? N fixed. Using meth- 
ods similar to those we used for the nonlinear sigma model, examine the condi- 
tions for minimizing the exponent with respect to À and Ap- Show that these 
conditions have a solution at A,, = 0 and \ = m? > 0. Show that, if g? is 
renormalized at the scale M, m can be written as 
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(d) Now expand the exponent about A, = 0. Show that the first nontrivial term 
in this expansion is proportional to the vacuum polarization of massive scalar 
fields. Evaluate this expression using dimensional regularization, and show that 
it yields a standard kinetic energy term for A,. Thus the strange nonlinear 
field theory that we started with is finally transformed into a theory of (N + 1) 
massive scalar fields interacting with a massless photon. 


Final Project 


The Coleman- Weinberg Potential 


In Chapter 11 and Section 13.2 we discussed the effective potential for an 
O(N)-symmetric ¢4 theory in four dimensions. We computed the perturbative 
corrections to this effective potential, and used the renormalization group to 
clarify the behavior of the potential for small values of the scalar field mass. 
After all this work, however, we found that the qualitative dependence of the 
theory on the mass parameter was unchanged by perturbative corrections. 
The theory still possessed a second-order phase transition as a function of 
the mass. The loop corrections affected this picture only in providing some 
logarithmic corrections to the scaling behavior near the phase transition. 

However, loop corrections are not always so innocuous. For some sys- 
tems, they can change the structure of the phase transition qualitatively. This 
Final Project treats the simplest example of such a system, the Coleman- 
Weinberg model. The analysis of this model draws on a broad variety of topics 
discussed in Part II; it provides a quite nontrivial application of the effec- 
tive potential formalism and the use of the renormalization group equation. 
The phenomenon displayed in this exercise reappears in many contexts, from 
displacive phase transitions in solids to the thermodynamics of the early uni- 
verse. 

This problem makes use of material in starred sections of the book, in 
particular, Sections 11.3, 11.4, and 13.2. Parts (a) and (e), however, depend 
only on the unstarred material of Part II. We recommend part (e) as excellent 
practice in the computation of renormalization group functions. 


The Coleman- Weinberg model is the quantum electrodynamics of a scalar 
field in four dimensions, considered for small values of the scalar field mass. 
The Lagrangian is 


L=—-3(Fuv)? + (Duo) Dro- mgt — 3(016)?, 
where (x) is a complex-valued scalar field and D,,¢@ = (0, + ieA,)¢. 


(a) Assume that m? = —p? < 0, so that the symmetry ¢(z) > e~% g(x) is 
spontaneously broken. Write out the expression for £, expanded around 
the broken-symmetry state by introducing 
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(b) 


(c) 


(d) 
(e) 


(f) 


(g) 


(h) 


Final Project 


where ġo, a(x), and 7 are real-valued. Show that the A, field acquires a 
mass. This mechanism of mass generation for vector fields is called the 
Higgs mechanism. We will study it in great detail in Chapter 20. 


Working in Landau gauge (0A, = 0), compute the one-loop correction 
to the effective potential V (ġa). Show that it is renormalized by counter- 
terms for m? and à. Renormalize by minimal subtraction, introducing a 
renormalization scale M. 


In the result of part (b), take the limit 4? — 0. The result should be 
an effective potential that is scale-invariant up to logarithms containing 
M. Analyze this expression for À very small, of order (e?)?. Show that, 
with this choice of coupling constants, V (ġa) has a symmetry-breaking 
minimum at a value of ġa for which no logarithm is large, so that a 
straightforward perturbation theory analysis should be valid. Thus the 
u? = 0 theory, for this choice of coupling constants, still has sponta- 
neously broken symmetry, due to the influence of quantum corrections. 
Sketch the behavior of V (¢<1) as a function of m?, on both sides of m? = 0, 
for the choice of coupling constants made in part (c). 
Compute the Callan-Symanzik functions for e and A. You should find 
3 
e 1 

be = Iar? AT am 
Sketch the renormalization group flows in the (À, e?) plane. Show that 
every renormalization group trajectory passes through the region of cou- 
pling constants considered in part (e). 


(5A? — 18e?A + 54e*). 


Construct the renormalization-group-improved effective potential at u? = 
0 by applying the results of part (e) to the calculation of part (c). Com- 
pute (ġ) and the mass of the o particle as a function of À, e?, M. Compute 
the ratio Mmo /ma to leading order in e, forà < e. 


Include the effects of a nonzero m? in the analysis of part (f). Show that 
Mo /ma takes a minimum nonzero value as m? increases from zero, before 
the broken-symmetry state disappears entirely. Compute this value as a 
function of e?, for \ < e?. 


The Lagrangian of this problem (in its Euclidean form) is equivalent to 
the Landau free energy for a superconductor in d dimensions, coupled 
to an electromagnetic field. This expression is known as the Landau- 
Ginzburg free energy. Compute the 8 functions for this system and sketch 
the renormalization group flows for d = 4 — e. Describe the qualitative 
behavior you would expect for the superconducting phase transition in 
three dimensions. (For realistic superconductors, the value of e?—-after it 
is made dimensionless in the appropriate way-—is very small. The effect 
you will find is expected to be important only for |T — Te|/Te < 1075.) 


ig ee 
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Non-Abelian Gauge Theories 
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Chapter 14 


Invitation: The Parton Model 
of Hadron Structure 


In Part II of this book, we explored the structure of quantum field theories in a 
formal way. We developed sophisticated calculational algorithms (Chapter 10), 
derived a formalism for the extraction of scaling laws and asymptotic behavior 
(Chapter 12), and worked out some of the consequences of spontaneously 
broken symmetry (Chapter 11). Much of this formalism turned out to have 
unexpected applications in statistical mechanics. However, we have not yet 
investigated its implications for elementary particle physics. To do so, we must 
first ask which particular quantum field theories describe the interactions of 
elementary particles. 

Since the mid-1970s, most high-energy physicists have agreed that the 
elementary particles that make up matter are a set of fermions, interacting 
primarily through the exchange of vector bosons. The elementary fermions 
include the leptons (the electron, its heavy counterparts u and 7, and a neu- 
tral, almost massless neutrino corresponding to each of these species), and 
the quarks, whose bound states form the particles with nuclear interactions, 
mesons and baryons (collectively called hadrons). These fermions interact 
through three forces: the strong, weak, and electromagnetic interactions. Of 
these, the strong interaction is responsible for nuclear binding and the inter- 
actions of the constituents of nuclei, while the weak interaction is responsible 
for radioactive beta decay processes. The electromagnetic interaction is the 
familiar Quantum Electrodynamics, coupled minimally to all charged quarks 
and leptons. It is not clear that these three forces suffice to explain the most 
subtle properties of the elementary fermions—we will discuss this question 
in Chapter 20—but these three forces are certainly the most prominent. All 
three are now understood to be mediated by the exchange of vector bosons. 
The equations describing the electromagnetic interaction were discovered by 
Maxwell, and their quantum mechanical implications have been treated in de- 
tail in Part I. The correct theories of the weak and strong interactions were 
discovered much later. 

By the late 1950s, studies of the helicity dependence of weak interaction 
cross sections and decay rates had shown that the weak interaction involves 
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a coupling of vector currents built of quark and lepton fields.* It was thus 
natural to assume that the weak interaction is due to the exchange of very 
heavy vector bosons, and indeed, such bosons, the W and Z particles, were 
discovered in experiments at CERN in 1982. But a complete theory of the 
weak interaction must include not only the correct couplings of the bosons 
to fermions, but also the equations of motion of the boson fields themselves, 
the analogue, for the W and Z, of Maxwell’s equations. Finding the correct 
form of these equations was not straightforward, because Maxwell’s equations 
prohibit the generation of a mass for the vector particle. The proper reconcili- 
ation of the generalized Maxwell equations with the nonzero W and Z masses 
turned out to require incorporating into the theory a spontaneously broken 
symmetry. Chapters 20 and 21 treat this subject in some detail, describing 
the interplay of vector field theories with spontaneously broken symmetry. 
This interplay leads to new twists and new phenomena, beyond those dis- 
cussed in our treatment of spontaneous symmetry breaking in Chapter 11. 
A complete theory of the weak interaction also requires the simultaneous in- 
corporation of the electromagnetic interaction, forming a unified structure as 
first hypothesized by Glashow, Weinberg, and Salam. 

On the other hand, it was for a long time completely obscure that a theory 
of exchanged vector bosons could correctly describe the strong interaction. 
Part of the mystery was that quarks do not exist as isolated species. Their 
existence, and eventually their quantum numbers, had to be deduced from the 
spectrum of observable strongly interacting particles. But, in addition, there 
were complications due to the fact that the strong interactions are strong. 
The Feynman diagram expansion assumes that the coupling constant is small; 
when the coupling becomes strong, a large number of diagrams are important 
(if the series converges at all) and it becomes impossible to pick out the 
contributions of the elementary interaction vertices. The crucial clue that the 
strong interactions have a vector character arose from what at first seemed 
to be just another mystery, the observation that the strong interactions turn 
themselves off when the momentum transfer is large, in a sense that we will 
now describe. 


Almost Free Partons 


In Section 5.1 we computed the cross section for the QED process ete — 
utu. We then remarked that the corresponding cross section for ete~ anni- 
hilation into hadrons could be computed in the same way, using a simplistic 
model in which the quarks are treated as noninterating fermions. This method 
gives a surprisingly accurate formula for the cross section, capturing its most 
important qualitative features. But we deferred the explanation of this puz- 
zle: How can a model of noninteracting quarks represent the behavior of a 
force that, under other circumstances, is extremely strong? 


*For an overview of weak interaction phenomenology, see Perkins (1987), Chap- 
ter 7, or any other modern particle physics text. 
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In fact, there are many circumstances in the study of the strong interaction 
at high energy in which this force has an unexpectedly weak effect. Historically, 
the first of these appeared in proton-proton collisions. At high energy, above 
10 GeV or so in the center of mass, collisions of protons (or any other hadrons) 
produce large numbers of pions. One might have imagined that these pions 
would fill all of the allowed phase space, but, in fact, they are mainly produced 
with momenta almost collinear with the collision axis. The probability of 
producing a pion with a large component of momentum transverse to the 
collision axis falls off exponentially in the value of this transverse momentum, 
suppressing the production substantially for transverse momenta greater than 
a few hundred MeV. 

This phenomenon of limited transverse momentum led to a picture of a 
hadron as a loosely bound assemblage of many components. In this picture, a 
proton struck by another proton would be torn into a cloud of pieces. These 
pieces would have momenta roughly collinear with the original momentum 
of the proton and would eventually reform into hadrons moving along the 
collision axis. By hypothesis, these pieces could not absorb a large momentum 
transfer. We can characterize this hypothesis mathematically as follows: In 
a high-energy collision, the momenta of the two initial hadrons are almost 
lightlike. The shattered pieces of the hadrons, arrayed along the collision axis, 
also have lightlike momenta parallel to the original momentum vectors. This 
final state can be produced by exchanging momenta q among the pieces in 
such a way that, though the components of q might be large, the invariant 
¢ is always small. The ejection of a hadron at large transverse momentum 
would require large (spacelike) q?, but such a process was very rare. Thus it 
was hypothesized that hadrons were loose clouds of constituents, like jelly, 
which could not absorb a large q?. 

This picture of hadronic structure was put to a crucial test in the late 
1960s, in the SLAC-MIT deep inelastic scattering experiments.’ In these ex- 
periments, a 20 GeV electron beam was scattered from a hydrogen target, and 
the scattering rate was measured for large deflection angles, corresponding to 
large invariant momentum transfers from the electron to a proton in the tar- 
get. The large momentum transfer was delivered through the electromagnetic 
rather than the strong interaction, so that the amount of momentum delivered 
could be computed from the momentum of the scattered electron. In models 
in which hadrons were complex and softly bound, very low scattering rates 
were expected. 

Instead, the SLAC-MIT experiments saw a substantial rate for hard scat- 
tering of electrons from protons. The total reaction rate was comparable to 
what would have been expected if the proton were an elementary particle scat- 
tering according to the simplest expectations from QED. However, only in rare 
cases did a single proton emerge from the scattering process. The largest part 


İFor a description of these experiments and their ramifications, see J. I. Friedman, 
H. W. Kendall, and R. E. Taylor, Rev. Mod. Phys. 63, 573 (1991). 
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of the rate came from the deep inelastic region of phase space, in which the 
electromagnetic impulse shattered the proton and produced a system with a 
large number of hadrons. 

How could one reconcile the presence of electromagnetic hard scattering 
processes with the virtual absence of hard scattering in strong interaction pro- 
cesses? To answer this question, Bjorken and Feynman advanced the following 
simple model, called the parton model: Assume that the proton is a loosely 
bound assemblage of a small number of constituents, called partons. These 
include quarks (and antiquarks), which are fermions carrying electric charge, 
and possibly other neutral species responsible for their binding. By assump- 
tion, these constituents are incapable of exchanging large momenta q? through 
the strong interactions. However, the quarks have the electromagnetic inter- 
actions of elementary fermions, so that an electron scattering from a quark 
can knock it out of the proton. The struck quark then exchanges momentum 
softly with the remainder of the proton, so that the pieces of the proton ma- 
terialize as a jet of hadrons. The produced hadrons should be collinear with 
the direction of the original struck parton. 

The parton model, incomplete though it is, imposes a strong constraint 
on the cross section for deep inelastic electron scattering. To derive this con- 
straint, consider first the cross section for electron scattering from a single 
constituent quark. We discussed the related process of electron-muon scat- 
tering in Section 5.4, and we can borrow that result. Since we imagine the 
reaction to occur at very high energy, we will ignore all masses. The square of 
the invariant matrix element in the massless limit is written in a simple form 


in Eq. (5.71): 
e 82A? 
13 IM? =’ a t ), (14.1) 


spins 


where 8, £, û are the Mandelstam variables for the electron-quark collision and 
Q; is the electric charge of the quark in units of |e|. Recall from Eq. (5.73) that, 
for a collision involving massless particles, §+¢+% = 0. Then the differential 
cross section in the center of mass system is 


do 1 1 (a) 


dcosOcm 28167 Ë 4 (14.2) 
_ ma?Q? (8? + (8 +t)? 
= 3 
Or, since f = —8(1 — cos 9oq)/2, 
do 2na’Q? (8? + (8+ #)? 
Js ¢ 5 (14.3) 


To make use of this result, we must relate the invariants ê and Ê to ex- 
perimental observables of electron-proton inelastic scattering. The kinematic 
variables are shown in Fig. 14.1. The momentum transfer q from the electron 
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electron 


proton = 


Figure 14.1. Kinematics of deep inelastic electron scattering in the parton 
model. 


can be measured by measuring the final momentum and energy of the elec- 
tron, without using any information from the hadronic products. Since q“ is 
a spacelike vector, one conventionally expresses its invariant square in terms 
of a positive quantity Q, with 


Q? = -g. (14.4) 


Then the invariant f is simply —Q?. 

Expressing § in terms of measurable quantities is more difficult. If the 
collision is viewed from the electron-proton center of mass frame, and we 
visualize the proton as a loosely bound collection of partons (and continue 
to ignore masses), we can characterize a given parton by the fraction of the 
proton’s total momentum that it carries. We denote this longitudinal fraction 
by the parameter £, with 0 < £ < 1. For each species i of parton, for example, 
up-type quarks with electric charge Q; = +2/3, there will be a function f;(€) 
that expresses the probability that the proton contains a parton of type i and 
longitudinal fraction €. The expression for the total cross section for electron- 
proton inelastic scattering will contain an integral over the value of € for the 
struck parton. The momentum vector of the parton is then p = €P, where 
P is the total momentum of the proton. Thus, if k is the initial electron 
momentum, 


8=(p+k)? =2p-k =2€P-k =€s, (14.5) 


where s is the square of the electron-proton center of mass energy. 

Remarkably, € can also be determined from measurements of only the 
electron momentum, if one makes the assumption that the electron-parton 
scattering is elastic. Since the scattered parton has a mass small compared to 
s and Q?, 


Ox (pt+q)? = 2p- -q+ =2P-q-Q’. (14.6) 
Thus 
Q? 
E=2, where += IP g (14.7) 


From each scattered electron, one can determine the values of Q? and z for 
the scattering process. The parton model then predicts the event distribution 
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Figure 14.2. Test of Bjorken scaling using the e` p deep inelastic scattering 
cross sections measured by the SLAC-MIT experiment, J. S. Poucher, et. al., 
Phys. Rev. Lett. 32, 118 (1974). We plot d?o /dzdQ? divided by the factor 
(14.9) against x, for the various initial electron energies and scattering angles 
indicated. The data span the range 1 GeV? < Q? < 8 GeV”. 


in the x-Q? plane. Using the parton distribution functions f;(€), evaluated at 
E = x, and the cross-section formula (14.3), we find the distribution 


2ra? i Q? ? 
sade = Do) =|! (1 <) (14.8) 


The distribution functions f:(x) depend on the details of the structure of 
the proton and it is not known how to compute them from first principles. 
But formula (14.8) still makes a striking prediction, that the deep inelastic 
scattering cross section, when divided by the factor 


1+ (1 - Q?/as)? 
Q4 

to remove the kinematic dependence of the QED cross section, gives a quantity 

that depends only on g and is independent of Q?. This behavior is known as 

Bjorken scaling. Indeed, the data from the SLAC-MIT experiment exhibited 

Bjorken scaling to about 10% accuracy for values of Q above 1 GeV, as shown 
in Fig. 14.2. 

Bjorken scaling is, essentially, the statement that the structure of the 

proton looks the same to an electromagnetic probe no matter how hard the 

proton is struck. In the frame of the proton, the energy of the exchanged 


(14.9) 
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virtual photon is 


Pq Q? 
0 
a 14.10 
q = Sem’ ( ) 


where m is the proton mass. The reciprocal of this energy transfer is, roughly, 
the duration of the scattering process as seen by the components of the pro- 
ton. This time should be compared to the reciprocal of the proton mass, which 
is the characteristic time over which the partons interact. The deep inelastic 
regime occurs when q? >> m, that is, when the scattering is very rapid com- 
pared to the normal time scales of the proton. Bjorken scaling implies that, 
during such a rapid scattering process, interactions among the constituents of 
the proton can be ignored. We might imagine that the partons are approxi- 
mately free particles over the very short times scales corresponding to energy 
transfers of a GeV or more, though they have strong interactions on longer 
time scales. 


Asymptotically Free Partons 


The picture of the proton structure implied by Bjorken scaling was beautifully 
simple, but it raised new, fundamental questions. In quantum field theory, 
fermions interact by exchanging virtual particles. These virtual particles can 
have arbitrarily high momenta, hence the fluctuations associated with them 
can occur on arbitrarily short time scales. Quantum field theory processes do 
not turn themselves off at short times to reveal free-particle equations. Thus 
the discovery of Bjorken scaling suggested a conflict between the observation 
of almost free partons and the basic principles of quantum field theory. 

The resolution of this paradox came from the renormalization group. In 
Chapter 12 we saw that coupling constants vary with distance scale. In QED 
and ¢* theory, we found that the couplings become strong at large momenta 
and weak at small momenta. However, we noted the possibility that, in some 
theories, the coupling constant could have the opposite behavior, becoming 
strong at small momenta or large times but weak at large momenta or short 
times. We referred to such behavior as asymptotic freedom. Section 13.3 dis- 
cussed an example of an asymptotically free quantum field theory, the nonlin- 
ear sigma model in two dimensions. The problem posed in the previous para- 
graph would be resolved if there existed a suitable asymptotically free quan- 
tum field theory in four dimensions that could describe the interaction and 
binding of quarks. Then, at least to some level of approximation, the strong in- 
teraction described by this theory would turn off in large-emomentum-transfer 
or short-time processes. 

At the time of the discovery of Bjorken scaling, no asymptotically free field 
theories in four dimensions were known. Then, in the early 1970s, ‘t Hooft, 
Politzer, Gross, and Wilczek discovered a class of such theories. These are 
the non-Abelian gauge theories: theories of interacting vector bosons that 
can be constructed as generalizations of quantum electrodynamics. It was 
subsequently shown that these are the only asymptotically free field theories 
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in four dimensions. This discovery gave the crucial clue for the construction 
of the fundamental theory of the strong interactions. Apparently, the quarks 
are bound together by interacting vector bosons (called gluons) of precisely 
this type. 

However, these gauge theories cannot precisely reproduce the expecta- 
tions of strict Bjorken scaling. The differences between the free parton model 
and the quantum field theory model with asymptotic freedom appear when 
one moves to a higher level of accuracy in measurements of deep inelastic 
scattering and other strong interaction processes involving large momentum 
transfer. In an asymptotically free quantum field theory, the coupling con- 
stant is still nonzero at any finite momentum transfer. In fact, the final evo- 
lution of the coupling to zero is very slow, logarithmic in momentum. Thus, 
at some level, one must find small corrections to Bjorken scaling, associated 
with the exchange or emission of high-momentum gluons. Similarly, the other 
qualitative simplifications of hadron physics at high momentum transfer—for 
example, the phenomenon of limited transverse momentum in hadron-hadron 
collisions—should be only approximate, receiving corrections due to gluon ex- 
change and emission. Thus the predictions of an asymptotically free theory of 
the strong interaction are twofold. On one hand, such a theory predicts quali- 
tative simplifications of behavior at high momentum. But, on the other hand, 
such a theory predicts a specific pattern of corrections to this behavior. 

In fact, particle physics experiments of the 1970s revealed precisely this 
picture. Bjorken scaling was found to be only an approximate relation, show- 
ing violations that correspond to a slow evolution of the parton distribu- 
tions f;(a) over a logarithmic scale in Q?. The rate of particle production in 
hadron-hadron collisions was found to decrease only as a power rather than 
exponentially at very large values of the transverse momentum, and the par- 
ticles produced at large transverse momentum were shown to be associated 
with jets of hadrons created by the soft evolution of a hard-scattered quark 
or gluon. Most remarkably, the forms of the cross sections found for these and 
other deviations from scaling did, finally, give direct evidence for the vector 
character of the elementary field that mediates the strong interaction. 

We will review all of these phenomena in Chapter 17, as we study the 
particular gauge theory that describes the strong interactions. First, however, 
we must learn how to construct non-Abelian gauge theories and how to work 
out their predictions using Feynman diagrams. Throughout our analysis of 
these theories, the renormalization group will play an essential role. One of 
the very beautiful aspects of the study of non-Abelian gauge theories is the way 
in which the most powerful general ideas of quantum field theory acquire even 
more strength as they intertwine with the specific features of these particular, 
intricately built models. This interplay between general principles and the 
specific features of gauge theories will be the major theme of Part III of this - 
book. 


Chapter 15 


Non-Abelian Gauge Invariance 


So far in this book we have worked with a rather limited class of quantum fields 
and interactions, restricting our attention to scalar field theories, Yukawa the- 
ory, and Quantum Electrodynamics. It is hardly surprising that these theories 
are not sufficient to describe all of the known interactions of elementary par- 
ticles. But what other theories are possible, given that the Lagrangian of a 
renormalizable theory can contain no terms of mass dimension higher than 4? 

The most natural theories to try next would be ones with interactions 
among vector fields, of the form A“A”d,,A, or A*. Sensible theories of this 
type are difficult to construct, however, because of the negative-norm states 
produced by the time component A? of the vector field operator. In Section 5.5 
we saw that these negative-norm states cause no difficulty in QED: They are 
effectively canceled out by the longitudinal polarization states, by virtue of 
the Ward identity. The Ward identity, in turn, follows from the invariance of 
the QED Lagrangian under local gauge transformations. Perhaps, then, if we 
can generalize the principle of local gauge invariance, it will lead us to the 
construction of other sensible theories of vector particles. 

The goal of this chapter is to do just that. First we will return briefly to 
the study of QED, this time taking the gauge symmetry to be fundamental 
and deriving the rest of the theory from this principle. Then, in Section 15.2, 
we will see that the gauge invariance of electrodynamics is only the most 
trivial example of an infinite-parameter symmetry, and that the more gen- 
eral examples lead to other interesting Lagrangians. These field theories, the 
first of which was constructed by Yang and Mills,* generalize electrodynamics 
in a profound way. They are theories of multiple vector particles, whose in- 
teractions are strongly constrained by the symmetry principle. In subsequent 
chapters we will study the quantization of these theories and their application 
to the real world of elementary particle physics. 


*C. N. Yang and R. Mills, Phys. Rev. 96, 191 (1954). 
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15.1 The Geometry of Gauge Invariance 


In Section 4.1 we wrote down the Lagrangian of Quantum Electrodynamics 
and noted the curious fact that it is invariant under a very large group of 
transformations (4.6), allowing an independent symmetry transformation at 
every point in spacetime. This invariance is the famous gauge symmetry of 
QED. From the modern viewpoint, however, gauge symmetry is not an in- 
cidental curiosity, but rather the fundamental principle that determines the 
form of the Lagrangian. Let us now review the elements of the theory, taking 
the modern viewpoint. 

We begin with the complex-valued Dirac field w(x), and stipulate that 
our theory should be invariant under the transformation 


V(x) = e*@y(a). (15.1) 


This is a phase rotation through an angle a(x) that varies arbitrarily from 
point to point. How can we write a Lagrangian that is invariant under this 
transformation? As long as we consider terms in the Lagrangian that have no 
derivatives, this is easy: We simply write the same terms that are invariant to 
global phase rotations. For example, the fermion mass term 


marp(a) 


is permitted by global phase invariance, and the local invariance gives no 
further restriction. 

The difficulty arises when we try to write terms including derivatives. The 
derivative of y(x) in the direction of the vector n is defined by the limiting 
procedure 


nO, =lim [p(a + en) — y(a)]. (15.2) 


€E 


However, in a theory with local phase invariance, this definition is not very 
sensible, since the two fields that are subtracted, y(x + en) and w(z), have 
completely different transformations under the symmetry (15.1). The quantity 
ð Y, in other words, has no simple tranformation law and no useful geometric 
interpretation. 

In order to subtract the values of w(x) at neighboring points in a mean- 
ingful way, we must introduce a factor that compensates for the difference in 
phase transformations from one point to the next. The simplest way to do 
this is to define a scalar quantity U (y, x) that depends on the two points and 
has the transformation law 


U(y,2) > ee (y, reo) (15.3) 


simultaneously with (15.1). At zero separation, we set U (y, y) = 1; in general, 
we can require U (y, x) to be a pure phase: U(y, x) = exp[id(y, z)]. With this 
definition, the objects w(y) and U(y,x)y(x) have the same transformation 
law, and we can subtract them in a manner that is meaningful despite the 
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local symmetry. Thus we can define a sensible derivative, called the covariant 
derivative, as follows: 


1 
n“ Di lim [ylz + en) — U(x + en, x)u(2)]. (15.4) 
E> € 
To make this definition explicit, we need an expression for the comparator 
U(y,x) at infinitesimally separated points. If the phase of U (y, x) is a contin- 
uous function of the positions y and x, then U (y, x£) can be expanded in the 
separation of the two points: 


U(x + en,x) = 1 -— ie en“ A lz) + O(e’). (15.5) 


Here we have arbitrarily extracted a constant e. The coefficient of the dis- 
placement en” is a new vector field A (x). Such a field, which appears as 
the infinitesimal limit of a comparator of local symmetry transformations, is 
called a connection. The covariant derivative then takes the form 


D, ylz) = Onw(x) + ieA pple). (15.6) 


By inserting (15.5) into (15.3), one finds that A, transforms under this local 
gauge transformation as 


A, (a) > A, (a) — =9y0(2). (15.7) 


To check that all of these expressions are consistent, we can transform D y(x) 
according to Eqs. (15.1) and (15.7): 


D(a) > [On + ie(A, — ~d,0)| eryr) 


= @el) (ð, + ieA,) (x) = e D pla). 


Thus the covariant derivative transforms in the same way as the field 2%, 
exactly as we constructed it to in the original definition (15.4). 

We have now recovered most of the familiar ingredients of the QED La- 
grangian. From our current viewpoint, however, the definition of the covariant 
derivative and the transformation law for the connection A,, follow from the 
postulate of local phase rotation symmetry. Even the very existence of the 
vector field A,, is a consequence of local symmetry: Without it we could not 
write an invariant Lagrangian involving derivatives of %. 

More generally, our present analysis gives us a way to construct all pos- 
sible Lagrangians that are invariant under the local symmetry. In any term 
with derivatives of w, replace these with covariant derivatives. According to 
Eq. (15.8), these transform in exactly the same manner as 7 itself. Therefore 
any combination of y and its covariant derivatives that is invariant under a 
global phase rotation (and only these combinations) will also be locally in- 
variant. 

To complete the construction of a locally invariant Lagrangian, we must 
find a kinetic energy term for the field A,: a locally invariant term that de- 
pends on A, and its derivatives, but not on w. This term can be constructed 


(15.8) 
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c+ e2 


x c+el 


Figure 15.1. Construction of the field strength by comparisons around a 
small square in the (1,2) plane. 


either integrally, from the comparator U(y, x), or infinitesimally, from the co- 
variant derivative. 

Working from U(y, x), we will need to extend our explicit formula (15.5) 
to the next term in the expansion in e. Using the assumption that U(y,z) is 
a pure phase and the restriction (U(x, y))' = U (y, 2), it follows that 


U(x + en, x) = exp[—ieen“A,(x + $n) + O(e)]. (15.9) 


(Relaxing these restrictions introduces additional vector fields into the theory; 
this is an unnecessary complication.) Using this expansion for U(y,x), we 
link together comparisons of the phase direction around a small square in 
spacetime. For definiteness, we take this square to lie in the (1,2)-plane, as 
defined by the unit vectors 1, 2 (see Fig. 15.1). Define U(x) to be the product 


of the four comparisons around the corners of the loop: 
U(x) = U(x, 2+ €2)U (z + 2,2 +1 + eĉ) (15.10) 
x U(x + e+e, x+ €i)U(a¢ + el, x). l 


The transformation law (15.3) for U implies that U(x) is locally invariant. In 
the limit € — 0, it will therefore give us a locally invariant function of A,,. To 
find the form of this function, insert the expansion (15.9) to obtain 


U(x) = exp{ ~ iee|- A(x + 52) — A(x + £1 + eî) as.) 
Aale +Â +t $3) + Alot si] Oh 
When we expand the exponent in powers of e, this reduces to 
U(x) = 1 — ie?e[8, Ao(x) — 2 A1(a)] + O(e?). (15.12) 
Therefore the structure 
Fuy = Oj, Ay — OVAp (15.13) 


is locally invariant. Of course, F» is the familiar electromagnetic field tensor, 
and its invariance under (15.7) can be checked directly. The preceding con- 
struction, however, shows us the geometrical origin of the structure of Fy». 
Any function that depends on A, only through F,» and its derivatives is lo- 
cally invariant. More general functions, such as the vector field mass term 
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A, A", transform under (15.7) in ways that cannot be compensated and thus 
cannot appear in an invariant Lagrangian. 

A related argument for the invariance of F,,, can be made using the co- 
variant derivative. We have seen above that, if a field has the local transfoma- 
tion law (15.1), then its covariant derivative has the same transformation law. 
Thus the second covariant derivative of 7 also transforms according to (15.1). 
The same conclusion holds for the commutator of covariant derivatives: 


[Du Dijle) = e'© [Dy Du]b(2). (15.14) 
However, the commutator is not itself a derivative at all: 


[Dus Dil = [3n Jw + ie ([Op, Av] — [8,, Anl) — lAn, Arle 


= ie(ð Av — OA,) + v. (15.15) 


That is, 
[Dy Dv] = teF yw. (15.16) 


On the right-hand side of (15.14), the factor y(x) accounts for the entire 
transformation law, so the multiplicative factor F,,, must be invariant. One 
can visualize the commutator of covariant derivatives as the comparison of 
comparisons across a small square; fundamentally, therefore, this argument is 
equivalent to that of the previous paragraph. 

Whatever the method of proving the invariance of Fuy, we have now 
assembled all of the ingredients we need to write the most general locally 
invariant Lagrangian for the electron field ~ and its associated connection A,- 
This Lagrangian must be a function of % and its covariant derivatives, and of 
Fav and its derivatives, and must be invariant to global phase transformations. 
Up to operators of dimension 4, there are only four possible terms: 

La = Yi — E (Ep)? — ceh H Fag Fuy — moby. (15.17) 
By adjusting the normalization of the fields y and A,, we have set the coeffi- 
cients of the first two terms to their standard values. This normalization of A,, 
requires the arbitrary scale factor e in our original definition (15.5) of A,. The 
third term violates the discrete symmetries P and T, so we may exclude it if 
we postulate these symmetries.‘ Then £4 contains only two free parameters, 
the scale factor e and the coefficient m. 

By using operators of dimension 5 and 6, we can form many additional 
gauge-invariant combinations: 


Le = ic boyy FY’ + coho) + esl +e. (15.18) 


More allowed terms appear at each higher order in mass dimension. But all 
of these terms are nonrenormalizable interactions. In the language of Sec- 
tion 12.1, they are irrelevant to physics in four dimensions in the limit where 
the cutoff is taken to infinity. 


*The general systematics of P, C, and T violation are discussed in Section 20.3. 
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We have now reached a remarkable conclusion. We began by postulating 
that the electron field obeys the local symmetry (15.1). From this postulate, 
we showed that there must be an electromagnetic vector potential. Further, 
the symmetry principle implies that the most general Lagrangian in four di- 
mensions that is renormalizable (or relevant, in Wilson’s sense) is the general 
form £4. If we insist that this Lagrangian also be invariant under time rever- 
sal or parity, we are led uniquely to the Maxwell-Dirac Lagrangian that is the 
basis of quantum electrodynamics. 


15.2 The Yang-Mills Lagrangian 


If the simple geometrical constructions of the previous section yield Maxwell’s 
theory of electrodynamics, then surely it must be possible to construct other 
interesting theories by starting with more general geometrical principles. Yang 
and Mills proposed that the argument of the previous section could be gener- 
alized from local phase rotation invariance to invariance under any continuous 
symmetry group. In this section, we will introduce this generalization of local 
symmetry. For most of the discussion, we will consider our local symmetry to 
be the three-dimensional rotation group, O(3) or SU(2), since in this case the 
necessary group theory should be familiar. At the end of the section, we will 
generalize further to the case of an arbitrary local symmetry. 

Consider, then, the following generalization of the phase rotation (15.1): 
Instead of a single fermion field, we start with a doublet of Dirac fields, 


_ { ¥i(2) 

w (a) ; (15.19) 
which transform into one another under abstract three-dimensional rotations 
as a two-component spinor: 

yo exp(ia' >). (15.20) 
Here ot are the Pauli sigma matrices, and, as usual, a sum over repeated 
indices is implied. It is important to distinguish this abstract transformation 
from a rotation in physical three-dimensional space; in their original paper, 
Yang and Mills considered (%1, Y2) to be the proton-neutron doublet as it is 
transformed under isotopic spin. As in the case of a phase rotation, it is not 
hard to construct Lagrangians for Y that are invariant to (15.20) as a global 
symmetry. 

We now promote (15.20) to a local symmetry, by insisting that the La- 
grangian be invariant to this transformation for a‘ an arbitrary function of z. 
Write this transformation as 

a 


ylz) > V(a)w(a), where V(x) = exp(ia'(x)>). (15.21) 
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We can construct a suitable Lagrangian by applying the methods of the previ- 
ous section. However, we will encounter a number of additional complications, 
due to the fact that there are now three orthogonal symmetry motions, which 
do not commute with one another. This feature is sufficiently important to 
earn a special name for theories that have it: We refer to the Abelian sym- 
metry group of electrodynamics, and the non-Abelian symmetry group of the 
more general theories. The field theory associated with a noncommuting local 
symmetry is termed a non-Abelian gauge theory. 

To construct a Lagrangian that is invariant under this new group of trans- 
formations, we must again define a covariant derivative that transforms in a 
simple way. Again we use the definition (15.4), but since ~ is now a two- 
component object, the comparator U(y, x) must be a 2 x 2 matrix. The trans- 
formation law for U(y, x) is now 


U(y,x2) — V(y) U(y, x) Vi (a), (15.22) 


where V(x) is as in (15.21), and again we set U(y,y) = 1. At points z Æ y 
we can consistently restrict U (y, x) to be a unitary matrix. Near U = 1, any 
such matrix can be expanded in terms of the Hermitian generators of SU(2); 
thus for infinitesimal separation we can write 


U(x +en,x) =1+ igen" Ay, + O(c). (15.23) 


Here g is a constant, extracted for later convenience. Inserting this expansion 
into the definition (15.4) of the covariant derivative, we find the following 
expression for the covariant derivative associated with local SU(2) symmetry: 


D, =ô, — igi, (15.24) 


This covariant derivative requires three vector fields, one for each generator 
of the transformation group. 

We can find the gauge transformation law of the connection At by insert- 
ing the expansion (15.23) into the transformation law (15.22): 


i 


a i . 
1+ igent Ai, »>V(e4 en)(1 H igen" A}, V} (a). (15.25) 


We must expand the right-hand side to order e€, taking care that the various 
Pauli matrices do not commute with one another. The expansion of V(x +en) 
is conveniently done using the identity 


V(x +en)Vt (z) = (1 + Taa + Oe) )V(a)| Vi (2) 


=1+ (Zvw) vio) + O(e) (15.26) 
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Then the terms proportional to en“ in (15.25) give the transformation 
ot i o i 
Aj, (a 5 >V(z z) (A;a) + ðu) Vi (2). (15.27) 


The derivative acts on V'(x) = exp(—ia‘c*/2); it is not so easy to compute 
this derivative explicitly because the exponent does not necessarily commute 
with its derivative. For infinitesimal transformations we can expand V(x) to 
first order in a. In this case we obtain 

2 


,o -0 1 i 
Au > Aup F g Ona) 


z tile bene, (15.28) 
The last term in this transformation law is new, and arises from the noncom- 
mutativity of the local transformations. By combining this relation with the 
infinitesimal form of the fermion transformation, 


Y (i Hia’ Jy po, (15.29) 


we can check the infinitesimal transformation of the covariant derivative: 
rn no jo ,,0) _ por 
Diu (ð, 9 ALS i(n) + gla ALS ]) (1 Hia >) 
=(1 tia Z) Day, (15.30) 


up to terms of order o°. It is not difficult to check using (15.27) and (15.21) 
that, even for finite transformations, the covariant derivative has the same 
transformation law as the field on which it acts. 

Using the covariant derivative, we can build the most general gauge- 
invariant Lagrangians involving 7. But to write a complete Lagrangian, we 
must also find gauge-invariant terms that depend only on Ai. To do this, we 
construct the analogue of the electromagnetic field tensor. “We will use the 
second method of the previous section, working from the commutator of co- 
variant derivatives. The transformation law of the covariant derivative implies 
that 


[Du DiJy(x) > V(x)[Dy, Di\w(2). (15.31) 


At the same time, by writing out the commutator using formula (15.24), we 
can show, as in the Abelian case, that [D,,, D,] is not a differential operator 
but merely a multiplicative factor (now a matrix) acting on w. This time, how- 
ever, there is a new feature: The last term in the expansion of the commutator 
no longer vanishes. Instead, we find 


i0 
[Du, Dy ]= Fa > (15.32) 
with 
i i oi i gt i ot gi 
Fws = 0,A;, 5 OA), 5 ig| A, 5 , Ar 9 | (15.33) 
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We can simplify this relation by applying the standard commutation relations 
of Pauli matrices: 


a ol B, di 
>] =ie*—. 15.34 
[ 9 , 2 | ve 9 ( 5.3 ) 
Then 
Fi, = 0,A, — Ov Aj, + g" Al Ab. (15.35) 


The transformation law for the field strength follows from Eqs. (15.21) 
and (15.31): 


Fi, > V@)F}, EV (a). (15.36) 
The infinitesimal form is 
gi _ ooi oo oi 
Fav 2 > Fov 2 f [ia 9 Fy 9 |. (15.37) 


Notice that the field strength is no longer a gauge-invariant quantity. It cannot 
be, since there are now three field strengths, each associated with a given 
direction of rotation in the abstract space. However, it is easy to form gauge- 
invariant combinations of the field strengths. For example, 


1 o l; 
L=- (Fu) =- E (15.38) 
is a gauge-invariant kinetic energy term for Ai. Notice that, in contrast to 
the case of electrodynamics, this Lagrangian contains cubic and quartic terms 
in A. Thus, this Lagrangian describes a nontrivial, interacting field theory, 
called Yang-Mills theory. This is the simplest example of a non-Abelian gauge 
theory. 

To construct a theory of Yang-Mills vector fields interacting with fermions, 
we simply add the gauge-field Lagrangian (15.38) to the familiar Dirac La- 
grangian, with the ordinary derivative of 7 replaced by the covariant deriva- 
tive. The result looks almost identical to the QED Lagrangian: 


£= PUPH ~ F(R)? — mb, (15.39) 


This is the famous Yang-Mills Lagrangian. Like that of QED, it depends on 
two parameters: the scale factor g (which is analogous to the electron charge) 
and the fermion mass m. By varying this Lagrangian, we find the classical 
equations of motion of the gauge theory. These are the Dirac equation for the 
fermion field and the equation 

t 


OF, + get" AIM FT, = -gý (15.40) 


for the vector field. 
Everything that we have done for the SU (2) symmetry transformation 
(15.20) generalizes easily to any other continuous group of symmetries. The 
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full range of possible symmetry groups is enumerated and classified in Sec- 
tion 15.4. For any such group, however, the general expressions for elements 
of the Lagrangian are quite similar. Consider any continuous group of trans- 
formations, represented by a set of n x n unitary matrices V. Then the basic 
fields (x) will form an n-plet, and transform according to 


pls) = V(a)p(a), (15.41) 


where the z dependence of V makes the transformation local. In infinitesimal 
form, V(x) can be expanded in terms of a set of basic generators of the 
symmetry group, which can be represented as Hermitian matrices ¢*: 


V(a) = 1+ ia*(x)t® + O(a’). (15.42) 


Now one can carry through the whole analysis from Eq. (15.22) to Eq. (15.33) 
for a general local symmetry group simply by replacing 


t 
7, 4a (15.43) 
2 
at each step of the analysis. 

To generalize the explicit expression (15.35) for the field tensor, we need 
to know the commutation relations of the matrices ¢*. It is conventional to 
write these in the standard form 


[e,t] = ifte, (15.44) 


where f°® is a set of numbers called structure constants. This object replaces 
éJ! in Eq. (15.34). It is conventional to choose a basis for the matrices t° 
such that f*° is completely antisymmetric; we will prove that this is always 
possible in Section 15.4. 

We can now recapitulate all of our results as follows. The covariant deriva- 
tive associated with the general transformation (15.41) is 


D, = 0, — igA2t*; (15.45) 


it contains one vector field for each independent generator of the local sym- 
metry. The infinitesimal tranformation laws for 7 and Aj, are 


p => (1+ iat); 


a a, la a ea o (15.46) 
A? — AS 4 zua JA ae. 
The finite transformation of A% has exactly the form of (15.27): 
AS (a)t® > V (2) CHOL + cau) V"(a). (15.47) 


These transformation laws imply that the covariant derivative of w has the 
same transformation law as % itself. The field tensor is defined by 


D,,, Dy] = ~igF 2%, t*, (15.48) 
H H 
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or more explicitly, 
Fi, = 0 AG ~ LAG + gf A, Ay. (15.49) 
This quantity has the infinitesimal transformation 
Fe, Fe, — fool Fe. (15.50) 


From Eqs. (15.46) and (15.50), one can show that any globally symmetric 
function of y, F%,, and their covariant derivatives is also locally symmetric, 
and is therefore a candidate for a term in a gauge-invariant Lagrangian. How- 
ever, there are very few permissible terms up to dimension 4. The most general 
gauge-invariant Lagrangian that is renormalizable and conserves P and T is 


again given by Eq. (15.39). The corresponding classical equation of motion is 
a abe ab — xe) 
OMF + gf A "Fiv = —gJv» (15.51) 


where 
jy = Pwt Y (15.52) 


is the global symmetry current of the fermion field. 

Notice that the nonlinear terms in the Yang-Mills Lagrangian (15.39) 
appear in the covariant derivative, where they are proportional to t°, and in 
the field tensor, where they are proportional to f*°°. Thus the form of the 
interactions in a non-Abelian gauge theory is dictated by the local symmetry. 
The nonlinear interactions of the vector field with itself are proportional to 
the commutators of symmetry generators and thus explicitly require the non- 
Abelian nature of the symmetry group. 


15.3 The Gauge-Invariant Wilson Loop 


In both of the previous sections we made use of the comparator, U (y, x), which 
converts the fermion gauge transformation law at point x to that at point y. 
So far, in writing expressions for this object, it has sufficed to assume that x 
and y are infinitesimally separated. However, it is worthwhile to think further 
about the comparator in the case where x and y are far apart. This discussion 
will give us further insights into the geometry of gauge invariance, and will 
reveal some additional useful functions of the gauge field which we will put to 
work in Chapter 19. 

We first return to the Abelian theory and expand upon our discussion 
of U(y,z) in that context. In Eq. (15.10) we constructed a product of com- 
parators on a path that wound around a small square. We showed that this 
product U(x) is not trivial, even though we eventually return to the starting 
point; rather, we found that U(z) differs from 1 by a term proportional to the 
electromagnetic field strength and to the area of the square. This is a partic- 
ular case of a general conclusion: The comparator between two points x and 
y at finite separation depends on the path taken from z to y. 
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To explain this statement, it is useful to reverse some of the logic of 
Section 15.1. We begin from the connection A,,, which we assume to have 
the transformation law (15.7), and construct U(z,y) as a function of A, that 
transforms according to (15.3). It is not difficult to verify that the expression 


Up(z,y} = exp [~ie fav", (a) (15.53) 
P 


meets this criterion if the integral is taken along any path P that runs from y 
to z. This object Up(z,y) is called the Wilson line.t Expression (15.53) gives 
an explicit realization of the abstract comparator U(z,y) for points at finite 
separation. 

A crucial property of the Wilson line is that it depends on the path P. If 
P is a closed path that returns to y, we obtain the Wilson loop, 


Up(y,y) = exp [ie $ doran), (15.54) 
P 


This quantity is a nontrivial function of A,, that is, by construction, locally 
gauge invariant. In fact, all gauge-invariant functions of A, can be thought of 
as combinations of Wilson loops for various choices of the path P. To motivate 
this claim, we use Stokes’s theorem to rewrite the Wilson loop as 


Uplu,y) = exp[-is | dor Pu), (15.55) 
x 


where X is a surface that spans the closed loop P, do” is an area element 
on this surface, and F is the field tensor (15.13). This relation between the 
Wilson loop and the field strength is illustrated in Fig. 15.2. Since the Wilson 
loop is gauge invariant, this argument gives one more way to visualize the 
gauge invariance of the field strength. Conversely, since (almost) all gauge- 
invariant functions of A, can be built up from F,,,, this expression gives 
weight to the statement that Up(y, y) is the most general gauge invariant. 

Both the Wilson line and the Wilson loop can be generalized to the non- 
Abelian case. Here, however, additional subtleties arise when we consider ex- 
ponentials of noncommuting matrices. Let us first construct the Wilson line, 
which now transforms according to Eq. (15.22). It is not correct to make a 
straightforward rewriting of (15.53) with the integral of Ajt® in the exponent, 
since these matrices do not necessarily commute at different points. Instead, 
we must order these matrices in a particular way. We will now give the correct 
ordering prescription and then prove its transformation law. 

Let s be a parameter of the path P, running from 0 at x = y to 1 at z = z. 
Then define the Wilson line as the power-series expansion of the exponential, 
with the matrices in each term ordered so that higher values of s stand to the 


tThis path-dependent phase was used long before Wilson’s work, in Schwinger’s 
early papers on QED, and in Y. Aharonov and D. Böhm, Phys. Rev. 115, 485 (1959). 
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y y 
Figure 15.2. The Wilson loop integral is taken around an arbitrary loop. 


It can also be expressed as a flux integral of the field strength over a surface 
spanning the loop. 


left. This prescription is called path-ordering and is denoted by the symbol 
P{}. Thus the Wilson line is written 


1 
Up(z,y) = Pf exp ig faae] \ (15.56) 
0 


This expression is similar to the time-ordered exponential that we wrote for 
the interaction-picture propagator in Eq. (4.23). Pursuing this analogy, one 
can show that this expression for Up is the solution of a differential equation 
similar to (4.24): 


H 
£ upla(s),y) = (10 Agla(s)}e)Trla(s),y)- (15.57) 

5 ds 
(Here we consider Up to be a continuous function of the parameter s, rather 

than fixing s = 1 at the endpoint.) 

To show that expression (15.56) is the correct generalization of the Wil- 
son line, we must show that it satisfies the correct gauge transformation 
law (15.22). This follows from the differential equation (15.57), which can 


be rewritten as 
dz” 
—— D,Up(z,y)=0. (15.58) 
ds 
Now let A” represent the gauge transform of a field configuration A, and use 
these arguments to denote explicitly the dependence of gauge functions on 
the gauge field. We would like to show that 


Uplzzy, AY) = V(z)UP(2, Y, A)vi (y), (15.59) 


which is equivalent to (15.22). In (15.30) we proved, in its infinitesimal version, 
the relation 


D(A“) V (£) = V (£) D, (A). (15.60) 


This relation implies that the right-hand side of (15.59) satisfies (15.58) for 
the gauge field AY if Up(z,y, A) satisfies this equation for the gauge field A. 
But the solution of a first-order differential equation with a fixed boundary 
condition is unique. Thus, if Up(z,y) is defined to be the solution of (15.57) 
or (15.58), it indeed has the transformation law (15.59). 
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The Wilson line associated with a closed path returning to y transforms 
only with the gauge parameter at y; however, it is not a gauge invariant: 


Up(y,y) > V(y)UP(y,y)V"(y). (15.61) 


To understand this transformation better, one can work out the expression 
for Up(z, xz), where the path is the small square in the (1,2) plane shown 
in Fig. 15.1. In addition to the terms in Eq. (15.11), there are additional 
corrections of order e? coming from products of (Agt*) factors from pairs of 
sides, which sum up to a commutator of these factors. One finds 


Up(a,z) = 14 ige? Fa (z)t? + O(e*), (15.62) 


where Fi» is given by the full expression in (15.49). If we then expand the 
transformation law (15.61) in powers of €, the term of order e? is the trans- 
formation law of Fi, given in Eq. (15.36). 

To convert the Wilson line for a closed path into a true gauge invariant, 


take the trace. By cyclic invariance, (15.61) implies 
tr Up(z,x) > trUp(a, x). (15.63) 


Thus for a non-Abelian gauge theory, we define the Wilson loop to be the 
trace of the Wilson line around a closed path. 

Let us evaluate tr Up(x, x) more explicitly for the case of an SU (2) gauge 
group. If U(e) is any 2 x 2 unitary matrix that tends to 1 as € > 0, we can 
expand it in € as follows: 

t 


U (e) =expli(e@’ + Py + J7] 


i 4 ig (15.64) 
HL iB HO y +) F 5H eG + DE + 
Then, since the Pauli matrices are traceless and satisfy tr[o’a/] = 26%, 
tUl) =2- sea? + O(2). (15.65) 
Applying this formula to Eq. (15.62), we find 
tr Up(a, £) = 2 — HAli)? +0). (15.66) 


Thus the gauge invariance of (F Ak can be derived from a geometrical argu- 
ment, just as in the Abelian case. Using the notation that will be introduced 
in the next section, one can show that the same argument goes through for 
any gauge group. 
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15.4 Basic Facts about Lie Algebras 


At the end of Section 15.2 we saw that the class of non-Abelian gauge theories 
is very large. To work with these theories most efficiently, it is worthwhile to 
pause and consider the general properties of the continuous groups on which 
they are based. In this section we will enumerate all the possible groups that 
can be used to construct non-Abelian gauge theories. We will then compute 
some numerical factors, built out of group transformation matrices, that are 
needed in performing explicit calculations in quantized gauge theories.* 

To a mathematician, a group is made up of abstract entities that obey 
certain algebraic rules. In quantum mechanics, however, we are interested 
specifically in groups of unitary operators that act on the vector space of 
quantum states. We focus our attention on continuously generated groups, 
that is, groups that contain elements arbitrarily close to the identity, such 
that the general element can be reached by the repeated action of these in- 
finitesimal elements. Then any infinitesimal group element g can be written 


g(a) = 1 + iafT® + O(a”). (15.67) 


The coefficients of the infinitesimal group parameters a1 are Hermitian oper- 
ators T°, called the generators of the symmetry group. A continuous group 
with this structure is called a Lie group. 

The set of generators T” must span the space of infinitesimal group trans- 
formations, so the commutator of generators T° must be a linear combination 
of generators. Thus the commutation relations of the operators T° can be 
written 

(T?,T?] = if®TS; (15.68) 
the numbers f?° are called structure constants. The vector space spanned by 
the generators, with the additional operation of commutation, is called a Lie 
Algebra. 

The commutation relations (15.68) and the identity 


(T°, (T°, T° + (T°, [T°, T°] + (T°, (T°, T°] =0 (15.69) 
imply that the structure constants obey 
fate food + fede ford + fete pora — 0, (15.70) 


called the Jacobi identity. From the mathematician’s viewpoint (considering 
the generators to be abstract entities rather than Hermitian operators), the 


*In this section we will state, without proof, some general results from the theory 
of continuous groups. There are many excellent books that review these mathemati- 
cal results systematically. Among these, we recommend especially Cahn (1984), for a 
brief but incisive discussion, and S. Helgason, Differential Geometry, Lie Groups, and 
Symmetric Spaces (Academic Press, 1978), which gives an elegant and rigorous ac- 
count. R. Slansky, Phys. Repts. 79, 1 (1981), has compiled an especially useful set of 
tables of group-theoretic identities relevant to the construction of non-Abelian gauge 
theories. 
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Jacobi identity is an axiom that must be satisfied in order for a given set of 
commutation rules to define a Lie algebra. 

The commutation relations of the Lie algebra completely determine the 
group multiplication law of an associated Lie group sufficiently close to the 
identity. For large enough transformations, additional global questions come 
into play; to give a familiar example, SU(2) and O(3) have the same com- 
mutation relations but different global structure. However, the Lagrangian 
of a non-Abelian gauge theory depends only on the Lie algebra of the local 
symmetry group, so we will ignore these global questions from here on. 


Classification of Lie Algebras 


For the application to gauge theories, the local symmetry is normally a uni- 
tary transformation of a set of fields. Thus we are primarily interested in 
Lie algebras that have finite-dimensional Hermitian representations, leading 
to finite-dimensional unitary representations of the corresponding Lie group. 
We will also assume that the number of generators is finite. Such Lie alge- 
bras are called compact, because these conditions imply that the Lie group is 
a finite-dimensional compact manifold. 

If one of the generators T° commutes with all of the others, it generates an 
independent continuous Abelian group. Such a group, which has the structure 
of the group of phase rotations 


wy ely, (15.71) 


we call U(1). If the algebra contains no such commuting elements, so that the 
group contains no U(1) factors, then we call the algebra semi-simple. If, in 
addition, the Lie algebra cannot be divided into two mutually commuting sets 
of generators, the algebra is simple. A general Lie algebra is the direct sum of 
non-Abelian simple components and additional Abelian generators. 

Surprisingly, the basic conditions that a Lie algebra be compact and sim- 
ple turn out to be extremely restrictive. In one of the triumphs of nineteenth- 
century mathematics, Killing and Cartan classified all possible compact simple 
Lie algebras. Almost all of these algebras belong to one of three infinite fam- 
ilies, with only five exceptions. The three infinite families are the algebras 
corresponding to the so-called classical groups, whose structures are conve- 
niently defined in terms of particular matrix representations. The definitions 
of the three families of classical groups are as follows: 

1. Unitary transformations of N-dimensional vectors. Let € and ņ be com- 
plex N-vectors. A general linear transformation then has the form 


Na > abb, Ea > ab&b- (15.72) 


We say that this transformation is unitary if it preserves the inner product 
néa. The pure phase transformations 


ba > e Eq (15.73) 
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form a U(1) subgroup which commutes with all other unitary transformations; 
we remove this subgroup to form a simple Lie group, called SU(N); it consists 
of all N x N unitary transformations satisfying det(U) = 1. The generators 
of SU(N) are represented by N x N Hermitian matrices t°, subject to the 
condition that they be orthogonal to the generator of (15.73): 


trit] =0. (15.74) 


There are N? — 1 independent matrices satisfying these conditions. 

2. Orthogonal transformations of N-dimensional vectors. This is the sub- 
group of unitary N x N transformations that preserves the symmetric inner 
product 


NaEargs, with Fab = bab. (15.75) 


This is the usual vector product, and so this group is the rotation group in 
N dimensions, SO(N). (Adding the reflection gives the group O(N).) There 
is an independent rotation corresponding to each plane in N dimensions, so 
SO(N) has N(N — 1)/2 generators. 

3. Symplectic transformations of N-dimensional vectors. This is the sub- 
group of unitary N x N transformations, for N even, that preserves the an- 
tisymmetric inner product 


naEaréo, with Bay = (9 o) (15.76) 


where the elements of the matrix are N/2 x N/2 blocks. This group is called 
Sp(N); it has N(N + 1)/2 generators. 

Beyond these three families, there are five more exceptional Lie algebras, 
denoted in Cartan’s classification system as Go, F4, Eg, E7, and Es. Of these, 
Es and Eg have been applied as local symmetry groups in interesting unified 
models of the fundamental interactions. However, we will not consider these 
exceptional groups further in this book. In fact, most of our examples will 
involve only SU(N) groups. 


Representations 


Once we have specified the local symmetry group, the fields that appear in 
the Lagrangian most naturally transform according to a finite-dimensional 
unitary representation of this group. Thus we might next ask how to system- 
atically find all such representations of any given Lie group. Recall that for the 
group SU (2), the representations can be constructed directly from the com- 
mutation relations, using the raising and lowering operators J, and J_. This 
construction can be generalized to find the finite-dimensional representations 
of any compact Lie algebra. In this book, however, we will work with rela- 
tively simple representations whose structure we can work out by less formal 
methods. 
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Before discussing representations of Lie algebras, we should review some 
general aspects of group representations. Given a symmetry group G, a finite- 
dimensional unitary representation of the group’s Lie algebra is a set of d x d 
Hermitian matrices ¢* that satisfy the commutation relations (15.68). The 
size d is the dimension of the representation. An arbitrary representation can 
generally be decomposed by finding a basis in which all representation matri- 
ces are simultaneously block-diagonal. Through this change of basis, we can 
write the representation as the direct sum of irreducible representations. We 
denote the representation matrices in the irreducible representation r by t2. 

It is standard practice to adopt a normalization convention for the ma- 
trices t7, based on traces of their products. If the Lie algebra is semi-simple, 
the matrices t? themselves are traceless. Consider, however, the trace of the 
product of two generator matrices: 


tr[ttz2] = D®. (15.77) 


As long as the generator matrices are Hermitian, the matrix D® is positive 
definite. Let us choose a basis for the generators T? so that this matrix is 
proportional to the identity. It can be shown that, once this is done for one 
irreducible representation, it is true for all irreducible representations. Thus, 
in this basis, 

tr[tet?] = C(r)6®, (15.78) 


where C(r) is a constant for each representation r. Equation (15.78) and 
the commutation relations (15.68) yield the following representation of the 
structure constants: . 

i 


f% = -TA tr {te eke. (15.79) 


This equation implies that f*°¢ is totally antisymmetric. 
For each irreducible representation r of G, there is an associated conjugate 
representation r. The representation r yields the infinitesimal transformation 


o— (1+ iartt)d. (15.80) 
The complex conjugate of this transformation, 
g > (1 iat (Ee, (15.81) 


must also be the infinitesimal element of a representation of G. Thus the 
conjugate representation to r has representation matrices 
ti = —(t@)* = (42). (15.82) 


rT 


Since ¢*¢ is invariant to unitary transformations, it is possible to combine 
fields transforming in the representations r and 7 to form a group invariant. 

It is possible that the representation 7 may be equivalent to r, if there is 
a unitary transformation U such that t2 = Ut®U". If so, the representation 
r is real. In this case, there is a matrix Ga» such that, if ņn and € belong to 
the representation r, the combination Gapnaé, is an invariant. It is sometimes 
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useful to distinguish the case in which Gas is symmetric from that in which Gab 
is antisymmetric. In the former case the representation is strictly real; in the 
latter case it is pseudoreal. Both cases occur already in SU(2): The invariant 
combination of two vectors is vgW,, so the vector is a real representation; the 
invariant combination of two spinors is cP ni €s, so the spinor is a pseudoreal 
representation. 

With this language we can discuss the simplest representations of the 
classical groups. In SU(N), the basic irreducible representation (often called 
the fundamental representation) is the N-dimensional complex vector. For 
N > 2 this representation is complex, so that there is a second, inequiva- 
lent, representation Ñ. (In SU(2) this representation is the pseudoreal spinor 
representation.) In SO(N), the basic N-dimensional vector is a (strictly) real 
representation. In Sp(N), the N-dimensional vector is a pseudoreal represen- 
tation. 

Another irreducible representation, present for any simple Lie algebra, is 
the one to which the generators of the algebra belong. This representation is 
called the adjoint representation and denoted by r = G. The representation 
matrices are given by the structure constants: 


(taae = if”. (15.83) 
With this definition, the statement that t& satisfies the Lie algebra 


(lto, tèl) ae = iF (tS )ac (15.84) 


is just a rewriting of the Jacobi identity (15.70). Since the structure constants 
are real and antisymmetric, t& = —(t&)*; thus the adjoint representation is 
always a real representation. From the descriptions of the Lie groups given 
above, the dimension of the adjoint representation d(G) is given, for the clas- 
sical groups, by 


N?-] for SU(N), 
d(G) =< N(N—1)/2 for SO(N), (15.85) 
N(N +1)/2 for Sp(N). 


The identification of f2°¢ as a representation matrix allows us to gain 
further insight into some of the quantities introduced in Section 15.2. The 
covariant derivative acting on a field in the adjoint representation is 


(Dud)a = Pa = ig A (te )ache 
= pha + 9f” Alibe- 


Thus we can recognize the infinitesimal form of the gauge transformation of 
the vector field in (15.46) as the motion 


(15.86) 


a a 1 a 
Ay, > Au + o (Dua). (15.87) 
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The gauge field equation of motion (15.51) can be rewritten as 
(D* Fiv)° = gjg. (15.88) 


In both of these expressions, the arbitrary-looking terms involving f?°° arise 
naturally as part of a covariant derivative. An additional identity follows from 
considering the antisymmetric double commutator of covariant derivatives, 


eiD, IDy, Dol]. 


This quantity vanishes by its total antisymmetry, in the same way as (15.69). 
This result can be reduced to the identity 


e^ (D, Fro)? =0. (15.89) 


This equation, called the Bianchi identity of a non-Abelian gauge theory, is 
the analogue of the homogeneous Maxwell equations in electrodynamics. 


The Casimir Operator 


In SU (2), we characterize representations by the eigenvalue of the total spin 
J?. In fact, for any simple Lie algebra, the operator 


T? =T°T* (15.90) 


(with the repeated index summed, as always) commutes with all group gen- 
erators: 

(T°, T°T — (if? TSYT. + Ta (if?”T*) (as 91) 
= i fT., T°}, ` 
which vanishes by the antisymmetry of f2°¢. In other words, T? is an invariant 
of the algebra; this implies that T? takes a constant value on each irreducible 
representation. Thus, the matrix representation of T? is proportional to the 
unit matrix: 

trie = Ca(r)-1, (15.92) 


where 1 is the d(r) x d(r) unit matrix and C2(r) is a constant, called the 
quadratic Casimir operator, for each representation. For the adjoint represen- 
tation, Eq. (15.92) is more conveniently written as 


fred poet — Cy (G)5%, (15.93) 


Casimir operators appear very often in computations in non-Abelian gauge 
theories. Furthermore, the related invariant C(r) given by (15.78) is simply 
related to the Casimir operator: If we contract (15.78) with 6%? and evaluate 
the left-hand side using (15.92), we find 


d(r)Co(r) = d(G)C(r). (15.94) 


Thus it will be useful for us to compute C2(r) for the simplest SU(N) repre- 
sentations. 


15.4 Basic Facts about Lie Algebras 501 


For SU(2), the fundamental two-dimensional representation is the spinor 
representation, which is given in terms of Pauli matrices by 


B=. (15.95) 
These satisfy tr[#$¢3] = 462°. We will choose the generators of SU(N) so that 
three of these are the generators (15.95), acting on the first two components 
of the N-vector €. Then, for any matrices of the fundamental representation, 


trgih] = 46°. (15.96) 


This convention fixes the values of C(r) and C2(r) for all of the irreducible 
representations of SU(N). For the fundamental representations N and N, 
C(N) is given directly by (15.96), and C2(N) follows from (15.94). We find 
1 N?—1 
C(N) = 5, Co(N) = 2N ` 

To compute the Casimir operator for the adjoint representation, we build 
up this representation from the product of the N and N. Let us first discuss 
the product of irreducible representations more generally. The direct product 
of two representations r1, r2 is a representation of dimension d(r1): d(rz). An 
object that transforms according to this representation can be written as a 
tensor E,,, in which the first index transforms according to rı, the second 
according to r2. In general, such a product can be decomposed into a direct 
sum of irreducible representations; symbolically, we write 


rx. = or. (15.98) 


The representation matrices in the representation rı x r2 are 


tl xn = @1418t4, (15.99) 


(15.97) 


where the first matrix of each product acts on the first index of 2p, and the 
second matrix acts on the second index. 
The Casimir operator in the product representation is 


(tr sera)” = (tf, )? D12 th H1S (ta). 


Take the trace; since the matrices t% are traceless, the trace of the second 
term on the right is zero. Then 


tr(te, xr)” = (C2(ri) + Co(ra))d(ri)d(r2). (15.100) 
On the other hand, the decomposition (15.98) implies 
tr (te xr) = J Co(ri)d (ri). (15.101) 


Equating (15.100) and (15.101), we find a useful identity for C2(r). 

Now apply this identity to the product of the N and N representations 
of SU(N). In this case, the tensor Zpg can contain a term proportional to 
the invariant 6p,. The remaining (N 2 — 1) independent components of Epg 
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transform as a general traceless N x N tensor; the matrices that effect these 
transformations make up the adjoint representation of SU(N). In this case 
Eq. (15.98) becomes explicitly 


NxN=1+(N?-1). (15.102) 


For this decomposition, Eqs. (15.100) and (15.101) imply the identity 


(2- N=) we =0 + cx(@)-(N? = 1), (15.103) 


Thus, for SU(N), 
C2(G) = C(G) = N. (15.104) 


Some additional examples of the computation of quadratic Casimir oper- 
ators are given in Problem 15.5. However, the examples we have discussed in 
this section, combined with the basic group-theoretic concepts that we have 
reviewed, already provide enough material to carry out the most important 
computations of physical interest in non-Abelian gauge theories. 


Problems 


15.1 Brute-force computations in SU (3). The standard basis for the fundamen- 
tal representation of SU(3) is 


1/0 1 0 0 -i 0 fi 0 0 
rai oo) =h; 0 o) at -1 o) 
000 0 0 0 0 0 0 
1/0 0 1 1{0 0 -i 
4 5 
“a(o 0 o) #=3(0 0 o) 
100 i 0 0 
1/2 0 0 1/2 9 0 1 {1 0 0 
Parlor) sio o 5) sozie i o} 
2\0 1 0 Oi 0 2v3 lo 0 -2 


(a) Explain why there are exactly eight matrices in the basis. 

(b) Evaluate all the commutators of these matrices, to determine the structure con- 
stants of SU (3). Show that, with the normalizations used here, f°®®° is totally 
antisymmetric. (This exercise is tedious; you may wish to check only a represen- 
tative sample of the commutators.) 

(c) Check the orthogonality condition (15.78), and evaluate the constant C(r) for 
this representation. 

(d) Compute the quadratic Casimir operator C2(r) directly from its definition 
(15.92), and verify the relation (15.94) between C2(r) and C(r). 


15.2 Write down the basis matrices of the adjoint representation of SU (2). Compute 
C(G) and C2(G) directly from their definitions (15.78) and (15.92). 
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15.3 Coulomb potential. 


(a) Using functional integration, compute the expectation value of the Wilson loop 
in pure quantum electrodynamics without fermions. Show that 


2 v 1 
(Up(z,2)) = exp|-« fargas Ir 2 E | 
P P 


with x and y integrated around the closed curve P. 


(b) Consider the Wilson loop of a rectangular path of (spacelike) width R and 
(timelike) length T, T >> R. Compute the expectation value of the Wilson loop 
in this limit and compare to the general expression for time evolution, 


(Up) = exp[-iE(R)T], 


where E(R) is the energy of the electromagnetic sources corresponding to the 
Wilson loop. Show that the potential energy of these sources is just the Coulomb 
potential, V(R) = —e?/47R. 

(c) Assuming that the propagator of the non-Abelian gauge field is given by the 
Feynman gauge expression 


(A2 (x) A? (y)) = l& KA ee ° vip (ev), 


compute the expectation value of a non-Abelian Wilson loop to order g°. The 
result will depend on the representation r of the gauge group in which one 
chooses the matrices that appear in the exponential. Show that, to this order, the 
Coulomb potential of the non-Abelian gauge theory is V(R) = —g?Co(r)/47R. 


15.4 Scalar propagator in a gauge theory. Consider the equation for the Green’s 
function of the Klein-Gordon equation: 


(8? +m?) Dp(a,y) = —i6Y (x — y). 


We can find an interesting representation for this Green’s function by writing 


[0.6] 
= [aT Deyn) y, T 
0 


where D(x, y, T) satisfies the Schrödinger equation 


liz - (8 +m 2)| D(a,y,T) = i6(T)6 (w — y). 
Now, represent D(z,y,T) using the functional integral solution of the Schrödinger 
equation presented in Section 9.1. 

(a) Using the explicit formula of the propagator of the Schrödinger equation, show 


that this integral formula gives the standard expression for the Feynman prop- 
agator. 
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(b) 


(c) 
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Using the method just described, show that the expression 


Dp(2,y) = Je [vs opli fa (7 mè) ie fa Al) 
0 


is a functional integral representation for the scalar field propagator in an arbi- 
trary background electromagnetic field. Show, in particular, that the functional 
integral satisfies the relevant Schrödinger equation. Notice that this integral de- 
pends on A,, through the Wilson line. 


Generalize this expression to a non-Abelian gauge theory. Show that the func- 
tional integral solves the relevant Schrödinger equation only if the group matrices 
in the exponential for the Wilson line are path-ordered. 


Casimir operator computations. An alternative strategy for computing the 


quadratic Casimir operator is to compute C (r) in the formula 


tr [e242] = C(r)6% 


by choosing t° and t? to lie in an SU(2) subgroup of the gauge group. 


(a) 


(b) 


(c) 


Under an SU(2) subgroup of a general group G, an irreducible representation r 
of G will decompose into a sum of representations of SU(2): 


r> ji 


where the J; are the spins of SU (2) representations. Show that 


3C(r) = Ñ jadi + Dj D. 


i 


Under an SU (2) subgroup of SU(N), the fundamental representation N trans- 
forms as a 2-component spinor (j = 5) and (N — 2) singlets. Use this relation to 
check the formula C(N) = Z. Show that the adjoint representation of SU(N) 
decomposes into one spin 1, 2(N — 2) spin-4’s, plus singlets, and use this de- 
composition to check that C(G) = N. 


Symmetric and antisymmetric 2-index tensors form irreducible representations 
of SU(N). Compute C2(r) for each of these representations. The direct sum 
of these representations is the product representation N x N. Verify that your 
results for Co(r) satisfy the identity for product representations that follows 
from Eqs. (15.100) and (15.101). 


Chapter 16 


Quantization of Non-Abelian Gauge Theories 


The previous chapter showed how to construct Lagrangians with non-Abelian 
gauge symmetry. However, this is only the first step in the process of relating 
the idea of non-Abelian gauge invariance to the real interactions of particle 
physics. We must next work out the rules for computing Feynman diagrams 
containing the non-Abelian gauge vector particles, then use these rules to 
compute scattering amplitudes and cross sections. This chapter will develop 
the technology needed for such calculations. 

Alongside this technical discussion, we will study how the gauge symmetry 
affects the Feynman amplitudes. In any theory with a local symmetry, some 
degrees of freedom of the fields that appear in the Lagrangian are unphysical, 
in the sense that they can be adjusted arbitrarily by gauge transformations. 
In electrodynamics, the components of the field A,,(k) proportional to k” lie 
along the symmetry directions. We saw in Section 9.4 that this fact has two 
important consequences. First, the propagator of the field A, is ambiguous; 
there are multiple expressions for the propagator, which follow equally well 
from the QED Lagrangian. Second, the vertices of electrodynamics are such 
that this ambiguity makes no difference in the calculation of cross sections. For 
example, Eq. (9.58) displays a continuous family of photon propagators, one 
for each value of the continuous parameter €; but we saw immediately that all 
dependence of S-matrix elements on £ is eliminated by the Ward identity. Non- 
Abelian gauge theories contain similar ambiguities and cancellations, but, as 
we will see in this chapter, the structure of the cancellations is more intricate. 

An additional goal of this chapter is to compute the Callan-Symanzik 8 
function, and hence determine the behavior of the running coupling constant, 
for non-Abelian gauge theories. As discussed in Chapter 14, these theories 
are in fact asymptotically free: The coupling constant becomes weak at large 
momenta. This result indicates the applicability of non-Abelian gauge theory 
to model the strong interactions. We will be able to derive this result once we 
have determined the correct Feynman rules for non-Abelian gauge theories. 
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16.1 Interactions of Non-Abelian Gauge Bosons 


Most of the Feynman rules for non-Abelian gauge theory can be read directly 
from the Yang-Mills Lagrangian, following the method of Section 9.2. How- 
ever, when we quantized the electromagnetic field in Section 9.4, we saw that 
the functional integral over a gauge field must be defined carefully, and that 
the subtle aspects of this construction can introduce new ingredients into the 
quantum theory. In this section we will see how far we can go in the non- 
Abelian theory by ignoring these subtleties. In Section 16.2 we will carry out 
a more proper derivation of the Feynman rules, through a careful analysis of 
the functional integral. 


Feynman Rules for Fermions and Gauge Bosons 


The Yang-Mills Lagrangian, as derived in the previous chapter, is 


1 <). 
L= ~ 3 (FL)? + OGD - mye, (16.1) 
where the index a is summed over the generators of the gauge group G, and 
the fermion multiplet % belongs to an irreducible representation r of G. The 


field strength is 
Fit, = O, Ap — OLAT + gf A? AS, (16.2) 


where f° are the structure constants of G. The covariant derivative is defined 
in terms of the representation matrices t? by 


Dy = Oy — ig ASt?. (16.3) 


From now on we will drop the subscript r except where it is needed for clarity. 

The Feynman rules for this Lagrangian can be derived from a functional 
integral over the fields y, ), and An. Imagine expanding the functional integral 
in perturbation theory, starting with the free Lagrangian, at g = 0. The free 
theory contains of a number of free fermions equal to the dimension d(r) of 
the representation r, and a number of free vector bosons equal to the number 
d(G) of generators of G. Using the methods of Section 9.5, it is straightforward 
to derive the fermion propagator 


ah ( , 
(Via(@)bya(y)) = lam : Fong HOO. (16.4) 


where a, 8 are Dirac indices and i, j are indices of the symmetry group: 
i,j =1,...,d(r). In analogy with electrodynamics, we would guess that the 
propagator of the vector fields is 


(A2 (a) A? (y)) = ls (=) t een, (16.5) 
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Figure 16.1. Feynman rules for fermion and gauge boson vertices of a non- 
Abelian gauge theory. 


with a,b = 1,...,d(G). We will derive this formula in the next section. 
To find the vertices, we write out the nonlinear terms in (16.1). If £o is 
the free field Lagrangian, then 


L = Lo + gASby tow — gf" (Op AS) A AW? 


16.6 
— 1g? (f AZ A’) ( fod Ane A>). ( ) 


The first of the three nonlinear terms gives the fermion-gauge boson vertex 
igy"t®; (16.7) 


this is a matrix that acts on the Dirac and gauge indices of the fermions. The 
second nonlinear term leads to a three gauge boson vertex. To work out this 
vertex, we first choose a definite convention for the external momenta and 
Lorentz and gauge indices. A suitable convention is shown in Fig. 16.1, with 
all momenta pointing inward. Consider first contracting the external gauge 
particle with momentum k to the first factor of Af, the gauge particle with 
momentum p to the second, and the gauge particle of momentum q to the 
third. The derivative contributes a factor (—ik,,) if the momentum points into 
the diagram. Then this contribution is 


ig f°(—ik’ )g"?. (16.8) 


In all, there are 3! possible contractions, which alternate in sign according to 
the total antisymmetry of f*°°. The sum of these is exhibited in Fig. 16.1. 
Finally, the last term of (16.6) leads to a four gauge boson vertex. Following 
the conventions of Fig. 16.1, one possible contraction gives the contribution 


ig? for feed greg”. (16.9) 
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There are 4! possible contractions, of which sets of 4 are equal to one another. 
The sum of these contributions is shown in Fig. 16.1. 

Notice that all of these vertices involve the same coupling constant g. 
We derived the vertices, and thus the equality of the coupling constants, as a 
part of our construction of the Lagrangian from the principle of non-Abelian 
gauge invariance. However, it is also possible to see the need for this equality 
a posteriori, from the properties of Feynman amplitudes. 


Equality of Coupling Constants 


One property that we expect from Feynman amplitudes in non-Abelian gauge 
theories is that they should satisfy Ward identities similar to those of QED. 
These Ward identities express the conservation of the symmetry currents, 
which follows already from the global symmetry of the theory. In QED, the 
simplest form of the Ward identity was obtained by putting external electrons 
and positrons on shell. In non-Abelian gauge theories, the gauge bosons also 
carry charge and so these must also be put on shell to remove contact terms. 
With all external particles on shell, the amplitude for production of a gauge 


boson should obey 
(QE ) =0. (16.10) 


This identity is not only an indication of the local gauge symmetry, but is 
physically important in its own right. Like the photon, the non-Abelian gauge 
boson has only two physical polarization states. In QED, the on-shell Ward 
identity expressed the fact that the orthogonal, unphysical polarization states 
are not produced in scattering processes. The on-shell Ward identity will play 
a similar role in the non-Abelian case. 

Let us check the Ward identity in a simple case, the lowest-order diagrams 
contributing to fermion-antifermion annihilation into a pair of gauge bosons. 
In order g?, there are three diagrams, shown in Fig. 16.2. The first two dia- 
grams are similar to the QED diagrams that we studied in Section 5.5; they 
sum to 


IME (ki Dela) = Pao fh F—— yt 


bt tt" hulp) eg ep): 
+ (16.11) 


The vectors e(k;) are the gauge boson polarization vectors; for physical polar- 
izations, these satisfy kj*¢,,(k;) = 0. To check the Ward identity (16.10), we 
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Figure 16.2. Diagrams contributing to fermion-antifermion annihilation to 
two gauge bosons. 


replace ež (kz) in (16.11) by ko,. This gives 


a 


iMi ei ykav = Pio g n" , 
i , (16.12) 
+ Hot Ko — P} - it hulp) Ew 
Since 
(g—m)u(p)=0 and  a(p+)(=#4 - m) =0, (16.13) 


we can add these quantities to # in the first and second terms of (16.12), to 
cancel the denominators. This gives 


iMaci kav = (igl p iy" tt, juo) Gy. (16.14) 

In the Abelian case, this expression would vanish. In the non-Abelian case, 

however, the residual term is nonzero and depends on the commutator of 
gauge group generators: 

iMi pke = -970p Ulp) ip SOT. (16.15) 


We need to find another contribution to cancel this term. Notice, however, 
that this term has the group index structure of a fermion-gauge boson vertex 
(gy"t°) multiplied by a three gauge boson vertex (gf%°). This is just the 
structure of the third diagram in Fig. 16.2. 

To check that the cancellation works, let us evaluate the third diagram: 


: V o * * Aa Cc —i * * 
iM§ €1 fan = igv(D+) Yt u(p) ke e% (ki ep (k2) 
3 
x gf% [git (kz — ka)? + 9”? (keg — k2)” + g% (kı — ks)”], 


with kg = —k, — kg. If we replace e,(k2) with kən, then eliminate kz using 
momentum conservation, the expression in brackets simplifies as follows: 


ež (k2) [gh” (ka — k1)? +g’? (kg — k2)” + g” (kı — ks)” | 
> KE (ka — k1)? + kB (kg — ko)" +g” (kı — kg) + ke (16.16) 


= g°"k3 — RRS — g°"k + Ry ki. 
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Figure 16.3. Diagrams contributing to gauge boson-gauge boson scattering. 


Let us assume that the other gauge boson, with momentum k1, is on shell 
(k? = 0), and that it has transverse polarization (ki‘e,,(k1) = 0). Then the 
third and fourth terms in the last line vanish. Furthermore, the term k§ kf 
vanishes when it is contracted with the fermion current. In the remaining 
term, the factor k? cancels the gauge boson propagator, and we are left with 


IMs” ei kav = +90 p yup) ef,» PE, (16.17) 


which precisely cancels (16.15). 

Notice that this cancellation takes place only if the value of the coupling 
constant in the three-boson vertex is identical to that in the fermion-boson 
vertex. In a similar way, the Ward identity cannot be satisfied among the di- 
agrams for boson-boson scattering, shown in Fig. 16.3, unless the coupling 
constant g in the four-boson vertex is identical to that in the three-boson ver- 
tex. Thus, the coupling constants of all three nonlinear terms in the Yang-Mills 
Lagrangian must be equal in order to preserve the Ward identity and avoid 
the production of bosons with unphysical polarization states. Conversely, the 
non-Abelian gauge symmetry guarantees that these couplings are equal. The 
symmetry thus accomplishes exactly what we hoped it would in our discus- 
sion at the beginning of Chapter 15, giving us a consistent theory of physical 
vector particle interactions. 


A Flaw in the Argument 


The preceding argument has one serious deficiency. At the final stage, we 
needed to assume that the second gauge boson was transverse. However, one 
might have expected that this information would come out of the argument 
rather than having to be put in. In QED, the Feynman diagrams predict 
that, when an electron and a positron annihilate to form two photons, only 
the physical transverse polarization states of the photons are produced. Am- 
plitudes to produce other photon polarizations cancel each other to yield zero, 
as we saw in Eq. (5.80). This statement is not true for the non-Abelian gauge 
theory Feynman rules that we have worked with so far. 

To state the discrepancy more concretely, we introduce some notation. 
Let kt = (k?,k) be a lightlike vector: k? = 0. Then there are two purely 
spatial vectors orthogonal to k. If & is the momentum of a vector boson, these 
are the two transverse polarizations. To construct an orthogonal basis, we 
must include also the longitudinal polarization state, with polarization vector 
parallel to k, and the timelike polarization state. It is most convenient to work 
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with the two lightlike linear combinations of these states, with polarization 
vectors parallel to the vectors k” and k” = (k°,—k). These two unphysical 
polarization states of a massless vector particle can be written as follows: 


KO ok n a k 
do- (apa = (Gaya) 088 


We will refer to et (k) and e7 (k) as the forward and backward lightlike po- 
larization vectors. Denote the two transverse polarization states ei (k), for 
i = 1,2. These four polarization vectors obey the orthogonality relations 


E es = ij, et ef =e - ef =0, 
2 2 (16.19) 
(er)? = (€) =0, e-e =1 
They also satisfy the completeness relation 
Juv = E€ ett + Ey tept Da Pelt, (16.20) 


Using this notation, we can express concretely the gap in the argument 
for the Ward identity. The Feynman diagrams of Fig. 16.2 apparently pre- 
dict that there is a nonzero amplitude to produce a forward-polarized gauge 
boson together with a backward-polarized gauge boson. For this case, we sub- 
stitute €,*(k1) and e{*(kz) for the two polarization vectors. Then the term 
proportional to kf ký in Eq. (16.16) no longer vanishes; it now yields 


iM = ig0(p4 Yot Ulp) Fa 6" (ha) gf [kfk] 


(16.21) 


© oe c —i abc 
= igd(p+ Jyt ulp) qz ` (-9)f kE 
3 


Can we simply ignore this totally unphysical process? We are free to 
do so in calculations of leading-order amplitudes, but the process will come 
back to haunt us in loop diagrams. Recall from Section 7.3 how the optical 
theorem (7.49) links the imaginary part of a loop diagram to the square of a 
corresponding scattering amplitude, obtained by cutting the diagram across 
the loop. If we apply the optical theorem to the diagram shown in Fig. 16.4, 
we obtain a paradox. In the gauge boson loop on the left-hand side we can 
replace the g,» factors in the propagators with sums over all four polarization 
vectors (16.20). The theorem thus implies that all four polarizations, even 
the unphysical ones, should be included for the final-state gauge bosons on 
the right-hand side. We are faced with a choice of allowing the production of 
unphysical states or violating the optical theorem. A third alternative, equally 
unattractive, would be to discard our expression (16.5) for the gauge boson 
propagator. Clearly, we are missing some crucial element of the quantum- 
mechanical structure of non-Abelian gauge theories. 
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Figure 16.4. A paradox for the optical theorem in gauge theories. 


16.2 The Faddeev-Popov Lagrangian 


It is not surprising that we have found a problem with our Feynman rules for 
non-Abelian gauge theories, since we were not very careful in deriving them. 
In particular, we did not actually derive expression (16.5) for the gauge field 
propagator. In this section we will remedy this by going through a formal 
derivation of this expression. We will find that, although expression (16.5) is 
indeed correct, it is incomplete: It must be supplemented by additional rules 
of a completely new type. 

To define the functional integral for a theory with non-Abelian gauge 
invariance, we will use the Faddeev-Popov method, as introduced in Section 
9.4 to quantize the electromagnetic field. Our present discussion will follow 
Section 9.4 closely. However, as we have by now come to expect, the case of 
non-Abelian local symmetry brings with it new tricks and surprises. 

First consider the quantization of the pure gauge theory, without fermions. 
To derive the Feynman rules, we must define the functional integral 


f DA exp [ f ETA] . (16.22) 


As in the Abelian case, the Lagrangian is unchanged along the infinite number 
of directions in the space of field configurations corresponding to local gauge 
transformations. To compute the functional integral we must factor out the 
integrations along these directions, constraining the remaining integral to a 
much smaller space. 

As in electrodynamics, we will constrain the gauge directions by apply- 
ing a gauge-fixing condition G(A) = 0 at each point x. Following Faddeev 
and Popov, we can introduce this constraint by inserting into the functional 
integral the identity (9.53): 


ECAD, (16.23) 


1 = [Do(2)5(@(a*)) ae“ 


Here A® is the gauge field A transformed through a finite gauge transformation 
as in (15.47): 


G 


(A%)ee* = et t [Are + ô] emia tS, (16.24) 


16.2 The Faddeev-Popov Lagrangian 513 


In evaluating the determinant, the infinitesimal form of this transformation 
will be more useful: 


1 1 
(A° Vi = Al + gone + FP Ar of = AG + gee (16.25) 


where D,, is the covariant derivative (15.86) acting on a field in the adjoint 
representation. Note that, as long as the gauge-fixing function G(A) is linear, 
the functional derivative 6G(A®)/éa is independent of a. 

Since the Lagrangian is gauge invariant, we can replace A by A® in the 
exponential of (16.22). Then, as in the Abelian case, we can interchange the 
order of the functional integrals over A and a, and then change variables in 
the inner integral from A to A’ = A®. The transformation (16.24) looks more 
complicated than in the Abelian case, but it is nothing more than a linear shift 
of the Af, followed by a unitary rotation of the various components of the 
symmetry multiplet Aj (2) at each point. Both of these operations preserve 


the measure 
DA = |||] 44%. ` (16.26) 


z ap 


Thus DA = DA’, under the integral over a. Just as in the Abelian case, the 
integral over gauge motions a can be factored out of the functional integral 
into an overall normalization, leaving us with 


f DA es1Al = ( / Da) / DAe*l4l §(G(A)) aor (ED, (16.27) 


This normalization factor cancels in the computation of correlation functions 
of gauge-invariant operators. 

From this point, the derivation of the gauge boson propagator proceeds as 
for the photon propagator. We choose the generalized Lorentz gauge condition 


G(A) = 0" Al (x) — w° (x), (16.28) 


with a Gaussian weight for w° as in Eq. (9.56). The manipulations of Section 
9.4 then lead to the class of gauge field propagators 


d'k i ky Kp ~tk-(a— 
(an @ab)) = [oa ork (ow (1-€) 2 ) ame he(w—y) (16.29) 


with a freely adjustable gauge parameter €. Our guess (16.5) corresponds to 
the choice £ = 1, called the Feynman-’t Hooft gauge. 

So far, this whole derivation parallels the case of electrodynamics. Here, 
however, there is one more nontrivial ingredient. In QED, the determinant in 
Eq. (16.23) was independent of A, so this quantity could be treated as just 
another contribution to the normalization factor. In the non-Abelian case this 
is no longer true. Using the infinitesimal form (16.25) of the gauge transfor- 
mation, we can evaluate 


6G(A%) 1, 
=: 16. 
pa T g Dm (16.30) 
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acting on a field in the adjoint representation; this operator depends on A. 
The functional determinant of (16.30) thus contributes new terms to the La- 
grangian. 

Faddeev and Popov chose to represent this determinant as a functional 
integral over a new set of anticommuting fields belonging to the adjoint rep- 
resentation: 


det(“9"D,.) = [vere exp i fate @(-O"D,)e)}. (16.31) 


We derived this formal identity in Eq. (9.69), using our rules for fermionic 
functional integrals. (The factor of 1/g is absorbed into the normalization of 
the fields c and č.) But to give the correct identity, c and ¢ must be anticom- 
muting fields that are scalars under Lorentz transformations. The quantum 
excitations of these fields have the wrong relation between spin and statistics 
to be physical particles. However, we can nevertheless treat these excitations 
as additional particles in the computation of Feynman diagrams. These new 
fields and their particle excitations are called Faddeev-Popov ghosts. 

If we temporarily suppress our curiosity about the physical interpretation 
of the ghosts, we can work out their Feynman rules. We write the ghost 
Lagrangian more explicitly as 


Lehost = e* O = gO" FAB). (16.32) 
The first term gives a ghost propagator, 
dîk i ; 
a -b — ab —ik-(a— 
(e*(x)@(y)) = Ika poe (ev), (16.33) 


In a diagram, this propagator carries an arrow that shows the flow of ghost 
number, as in Fig. 16.5. In the interaction term of (16.32), the derivative 
stands to the left of the gauge field; this implies that this derivative is evalu- 
ated with the momentum coming out of the vertex along the ghost line. The 
explicit Feynman rule is shown in Fig. 16.5. As with the other vertices we 
have encountered, the coupling constant g that appears in this vertex must 
be equal to the coupling constant g in the three-boson vertex in order to avoid 
upsetting the Ward identities. 

There are no further subtleties in the construction of the perturbation 
theory for non-Abelian gauge theories. In particular, it is straightforward to 
include fermions. The final Lagrangian, including all of the effects of Faddeev- 
Popov gauge fixing, is 

L= ~ FFP + 5g A + (iD — m) + (-O" D)e. (16.34) 
This Lagrangian leads to the propagator (16.29), and to the set of Feynman 
rules for vertices shown in Figs. 16.1 and 16.5. 

The argument we have just completed suffices to derive the Feynman 
diagram expansion of any correlation function of gauge-invariant operators in 
a non-Abelian gauge theory. At the end of Section 9.4, we explained that the 
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Figure 16.5. Feynman rules for Faddeev-Popov ghosts. 


Faddeev-Popov gauge-fixing technique also gives the correct gauge-invariant 
expressions for S-matrix elements. This remains true in the non-Abelian case. 
However, the argument given in Section 9.4 relied upon the cancellation in 
QED of the emission probabilities for timelike and longitudinal photons, and 
we have already found that this cancellation does not go through in the non- 
Abelian case. In Section 16.4 we will construct a more sophisticated argument, 
in which the Faddeev-Popov ghosts play an essential role, that will correctly 
generalize our previous argument to non-Abelian gauge theories. 


16.3 Ghosts and Unitarity 


We might now ask whether the new ingredients that we found in the previous 
section, the Faddeev-Popov ghosts, can resolve the paradox that we encoun- 
tered at the end of Section 16.1. There we saw that the first diagram in 
Fig. 16.6 contains a nonzero contribution to its imaginary part that does not 
correspond to a possible final state with physical gauge boson polarizations. 
We will now compute this contribution more carefully. We must then add a 
new potential contribution from the ghosts, shown as the second diagram in 
Fig. 16.6. 

Let us call the amplitude for fermion-fermion annihilation into gauge 
bosons, which we studied in Section 16.1, 


IM eh (ky ep (k2); (16.35) 


the amplitude for two gauge bosons to convert to a fermion-antifermion pair 
will be, correspondingly, M’. Then, following the Cutkosky rules of Sec- 
tion 7.3, we find the imaginary part of the first diagram in Fig. 16.6 by 
replacing the cut gauge boson propagator with momentum k; by 


—iguy + (—2nt)6(k?). (16.36) 


Replacing both propagators gives two delta functions, turning the four- 
dimensional integrals over the gauge boson momenta into three-dimensional 
phase space integrals, as in the example in Section 7.3. We are thus left with 
the expression 


EUM” )gupgvo li M”®?), (16.37) 
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Figure 16.6. The diagram on the left, in which each circle represents the 
sum of the three contributions of Fig. 16.2, gives a possible problem for the 
optical theorem. The ghost diagram on the right cancels the anomalous terms. 


integrated over the phase space of two massless particles. The factor 1/2 is 
a symmetry factor for the Feynman diagram or, equivalently, a correction to 
the phase space integral for identical particles. 

Now introduce the representation (16.20) for gap and gvo. The pieces that 
involve only transverse polarizations correspond to the expected imaginary 
parts necessary to satisfy the optical theorem. We need not consider these 
terms further. The cross terms between physical and unphysical polarizations 
vanish: We showed in Section 16.1 that 


iM eT* (ki ey" (k2) = 0. (16.38) 


The same identity holds if M is replaced by M’, and if et is replaced by e7. 
Furthermore, the amplitude vanishes if both polarization vectors are forward 
or both are backward. The only surviving terms are the cross terms between 
forward and backward polarization, which yield the expression 


L [0M es tet UM ches) + (Metz (iM ezet), (16.39) 


integrated over phase space. We worked out the value of the first factor in 
Eq. (16.21), and the contraction with M’ is very similar. Substituting these 
results, expression (16.39) becomes 


L igõ(p+)Yut"u(p)- > (=g f °K) 
2 (ky + kə) 


x (100o Yot (0) Ge as (a) + (a > Ra). 
(16.40) 


Using the identity 


U(p+)Yyu(ki + k2)“u(p) = (p+ )yu(p + p+)" ulp) = 0, (16.41) 
we see that the two terms added in (16.40) are equal. 
Now add the contribution from the Faddeev-Popov ghosts. Using the 
Feynman rules in Fig. 16.5, we can assemble the amplitude for fermion- 
antifermion annihilation into a pair of ghosts: 


iMehost = ig0(P+)yut ul) «7 © (gf kE). (16.42) 


kı + k2)? 
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This is precisely the first half of expression (16.40). Similarly, the amplitude 
for the ghost-antighost pair to annihilate into fermions is equal to the second 
half of (16.40). Finally, since Faddeev-Popov ghost fields anticommute, we 
must supply a factor of —1 for each ghost loop. Thus the ghost contribution 
exactly cancels the contribution of unphysical gauge boson polarizations to 
the Cutkosky cut of the diagrams in Fig. 16.6. 

This example illustrates a general physical interpretation of Faddeev- 
Popov ghosts. These “particles” serve as negative degrees of freedom to cancel 
the effects of the unphysical timelike and longitudinal polarization states of 
the gauge bosons. The simplest effect of the ghosts can already be seen from 
the determinants that appear when one integrates over the gauge and ghost 
fields in the Faddeev-Popov Lagrangian (16.34). In a general dimension d, 
working in Feynman gauge and at zero coupling for simplicity, the functional 
integral over the gauge and ghost fields in (16.34) yields 


(det[-8?) 74? - (det[—a?]) 7". (16.43) 


The second determinant, which appears with a positive exponent because the 
ghost fields anticommute, cancels the contribution to the first determinant of 
two components of the field A,,. This physical effect was illustrated, using the 
language of Section 9.4, in Problem 9.2. 


16.4 BRST Symmetry 


To show how this cancellation extends to the complete interacting theory, 
Becchi, Rouet, Stora, and Tyutin introduced as a beautiful formal tool a new 
symmetry of the gauge-fixed Lagrangian (16.34), which involves the ghost in 
an essential way.* This BRST symmetry has a continuous parameter that is 
an anticommuting number. To write the symmetry in its simplest form, let 
us rewrite the Faddeev-Popov Lagrangian by introducing a new (commuting) 
scalar field B®: 


L= PLP + OUD myy $ (B0)? + BY At +8 (-9" DSc (16.44) 


The new field B° has a quadratic term without derivatives, so it is not a 
normal propagating field. The functional integral over B® can be done by 
completing the square in (16.44); this procedure brings us back precisely to 
Eq. (16.34). A field of this type, which appears in the functional integral but 
has no independent dynamics, is called an auzxilliary field. 


*C. Becchi, A. Rouet, and R. Stora, Ann. Phys. 98, 287 (1976); I. V. Tyutin, 
Lebedev Institute preprint (1975, unpublished); M. Z. Iofa and I. V. Tyutin, Theor. 
Math. Phys. 27, 316 (1976). 
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Now let e be an infinitesimal anticommuting parameter, and consider the 
following infinitesimal transformation of the fields in (16.44): 


bA, = Dic 
bw = iget ty 


óc = =i gef Pe (16.45) 
Ecl = €B° 
6B? =0. 


The transformation of the fields A? and 7 is a local gauge transformation 
whose parameter is proportional to the ghost field: a° (x) = gec*(x). Thus, 
the first two terms of (16.44) are invariant to (16.45). The third term is triv- 
ially invariant. The transformation of Al in the fourth term cancels the trans- 
formation of ¢* in the last term. Finally, we must examine the transformation 
of the last ingredient in (16.44): 


(DI E) = Di 6c + gf 6 Al cf 
= —}cd,(frrrcre®) — fore fore for AP t (16.46) 
+ gef ™ (I P) + gre fe fot Atec, 
The two terms of order g manifestly cancel. By using the anticommuting 


nature of the ghost fields and exchanging the names of indices, we can write 
the remaining two terms as 


— 4g? fare pode (AP ctc + AlE + Aed), (16.47) 


which vanishes by the Jacobi identity (15.70). Apparently, the BRST trans- 
formation (16.45) is a global symmetry of the gauge-fixed Lagrangian (16.44), 
for any value of the gauge parameter £. 

The BRST transformation has one more remarkable feature, which is 
a natural consequence of its anticommuting nature. Let Qo be the BRST 
transformation of the field ¢: 6¢ = Qg. For example, QA, = Dive’. Then, 
for any field, the BRST variation of Q@ vanishes: 


Q’ =0. (16.48) 


The vanishing of (16.46) proves this identity for the second BRST variation 
of the gauge field. For the ghost field, 
Q?c* = Dg fre PEET, (16.49) 


which vanishes by the Jacobi identity. It is straightforward to check that the 
second BRST variations of the other fields in (16.44) also vanish. 
To describe the implications of identity (16.48), we now consider studying 
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the effective theory (16.44) in the Hamiltonian picture after canonical quan- 
tization. Because the Lagrangian has the continuous symmetry (16.45), the 
theory will have a conserved current, and the integral of the time component 
of this current will be a conserved charge Q that commutes with H. The ac- 
tion of Q on field configurations will be just that described in the previous 
paragraph. The relation (16.48) is equivalent to the operator identity 


Q? =0. (16.50) 


We say that the BRST operator Q is nilpotent. 

A nilpotent operator that commutes with H divides the eigenstates of 
H into three subspaces. Many eigenstates of H must be annihilated by Q so 
that (16.50) can be satisfied. Let Hı be the subspace of states that are not 
annihilated by Q. Let Hz be the subspace of states of the form 


l2) = Q |41), (16.51) 


where |1) is in H1. According to (16.50), acting Q again on these states gives 
zero. Finally, let Ho be the subspace of states |o) that satisfy Q |wo) = 0 but 
that cannot be written in the form (16.51). The subspace Ho is quite peculiar, 
because any two states in this subspace have zero inner product: 


(heal) = (ral Q lY) = 0 (16.52) 


by (16.50). By the same argument, the states of Hz have zero inner product 
with the states of Ho. 

These considerations seem extremely abstract, but they have a direct 
physical correspondence. To see this, consider single-particle states of the 
non-Abelian gauge theory in the limit of zero coupling. According to the 
transformation (16.45), Q converts the forward component of Aj, to a ghost 
field; equivalently, Q converts a single forward-polarized gauge boson to a 
ghost. At g = 0, Q annihilates the one-ghost state. At the same time, Q 
converts the antighost state to a quantum of B*. To identify this state, note 
that the Lagrangian (16.44) implies the classical field equation 


EB? = OM AS, (16.53) 


Thus the quanta of the field B® are those quanta of Aj, with polarization 
vectors such that k”e, (k) Æ 0; these are the backward-polarized gauge bosons. 

We have now seen that, among the single-particle states of the gauge 
theory, forward gauge bosons and antighosts belong to Hı, ghosts and back- 
ward gauge bosons belong to H2, and transverse gauge bosons belong to Ho. 
More generally, it can be shown that asymptotic states containing ghosts, 


+The following argument is presented only at an intuitive level. For a rigorous 
discussion, see T. Kugo and I. Ojima, Prog. Theor. Phys. 66, 1 (1979). 
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antighosts, or gauge bosons of unphysical polarization always belong to Hı or 
He, while the asymptotic states in Ho are those with only transversely polar- 
ized gauge bosons. The BRST operator thus gives a precise relation between 
the unphysical gauge boson polarization states and the ghosts and antighosts 
as positive and negative degrees of freedom. 

In Section 9.4, we argued that the Faddeev-Popov prescription gave the 
correct, gauge-invariant result for a certain subclass of S-matrix elements, 
from which we could compute the physical scattering cross sections of trans- 
versely polarized gauge bosons. These S-matrix elements were constructed 
by putting operators in the far past to create transversely polarized gauge 
bosons, adiabatically turning on the gauge coupling, adiabatically turning off 
the gauge coupling, and then placing operators in the far future to annihi- 
late gauge bosons with transverse polarization. However, this argument had a 
possible problem: If the states created as collections of transversely polarized 
bosons in the far past could evolve into states that contained gauge bosons of 
other polarizations in the far future, the S-matrix projected between trans- 
verse gauge boson states would not be unitary. This problem would also lead 
to the technical problem discussed in the previous section: The Cutkosky cuts 
of diagrams contributing to S-matrix elements would have nonzero contri- 
butions from unphysical polarizations. In Section 9.4, we used an argument 
special to the Abelian case to show that these problems do not arise in QED. 
In the non-Abelian case, the removal of unphysical gauge boson polarizations 
is more subtle, and we have seen that it involves the ghosts in an essential way. 
To resolve this subtle problem, we apply the principle of BRST symmetry. 

Let |A;tr) be an external state that contains no ghosts or antighosts and 
only gauge bosons with transverse polarization. We wish to show that the 
S-matrix projected onto such states is unitary: 


XO (A; tr| SÌ |C; tr) (C; tr] S |B; tr) = (A; tr] 1B; tr). (16.54) 
C 


As we explained above, the physical states |A; tr) belong to—and, in fact, 
span—the subspace Ho defined by the BRST operator. In particular, all of 
these states are annihilated by Q. Since Q commutes with the Hamiltonian, 
the time evolution of any such state must also produce a state annihilated 
by Q. Thus, 


Q- S |A; tr) =0. (16.55) 


This implies that the states § |A; tr} must be linear combinations of states in 
Ho and Hə. However, states in H2 have zero inner product with one another 
and with states in Ho. Thus the inner product of any two states of the form 
S|A;tr) comes only from the overlap of the components in Ho, so we can 
write 


(A; tr| St. S |B; tr) = X (A; tr| St |C; tr) (C; tr| S |B; tr) - (16.56) 
C 
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Since the full S-matrix is unitary, this relation implies that the restricted S- 
matrix is also unitary, Eq. (16.54). In addition, (16.56) implies that the sum of 
the Cutkosky cuts of diagrams contributing to the S-matrix in a given order 
is equal to the sum of the cuts involving transverse gauge bosons only. Thus, 
the cancellation between diagrams that produce pairs of gauge bosons with 
unphysical polarizations and those that produce ghosts is a general property 
that persists to all orders in perturbation theory. 

Since the BRST transformation generates a continuous symmetry, it gen- 
erates a set of Ward identities. These identities are similar in structure to the 
Ward identities of the non-Abelian gauge symmetry, since the BRST sym- 
metry contains a gauge transformation whose parameter is the ghost field. 
However, the identities that follow from BRST symmetry are simpler. We 
will not study the Ward identities of non-Abelian gauge theory further in 
this book. However, when one discusses the renormalization of gauge theo- 
ries at a higher level, the central identities among renormalization constants 
that follow from the Ward identities are most easily derived using the BRST 
symmetry.* 


16.5 One-Loop Divergences of Non-Abelian 
Gauge Theory 


Now that we have discussed the general properties of tree-level diagrams in 
non-Abelian gauge theories, we turn our attention to diagrams with loops. As 
always in quantum field theory, some of these loop diagrams will diverge, and 
we must take care to treat the divergent integrals correctly. 

The Lagrangian of a non-Abelian gauge theory (15.39) contains no in- 
teractions of dimension higher than 4. Therefore, by the general arguments 
of Chapter 10, this Lagrangian is renormalizable, in the sense that the di- 
vergences can be removed by a finite number of counterterms. However, in 
non-Abelian gauge theories, as in QED, the gauge symmetries of the theory 
imply stronger restrictions on the structure of the divergences. In QED, pro- 
vided that we use a gauge-invariant regulator, there are only four possible 
divergent coefficients, which are subtracted by the counterterms for the elec- 
tromagnetic vertex (6), for the electron and photon field strength (62 and 
63), and for the electron mass (m). In particular, the possibility of a pho- 
ton mass renormalization is excluded by gauge invariance. Furthermore, the 
two counterterms 6; and ó> are equal to one another, and cancel in the eval- 
uation of the electron-photon vertex function, as a consequence of the Ward 
identity. Non-Abelian gauge symmetries imply similar restrictions on the di- 
vergences of Feynman diagrams. In this section, we will illustrate some of 
these restrictions through examples of one-loop digrams. 


tAn introduction to the Ward identities of the BRST symmetry is given by Taylor 
(1976). 
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Figure 16.7. Contributions to the gauge boson self-energy in order g?. 


The Gauge Boson Self-Energy 


In QED, the strongest constraints of gauge invariance come in the evaluation 
of the photon self-energy. The Ward identity implies the relation 


r( 


which in turn implies that the photon self-energy diagrams have the structure 


=0, (16.57) 


= i(q’ gt” — gq’ (g). (16.58) 


The only divergence possible is a logarithmically divergent contribution to 
II(q*). In non-Abelian gauge theories, (16.57) still holds, so the self-energy 
again has the Lorentz structure (16.58). However, the cancellations that lead 
to this structure are more complex. Here we will exhibit these cancellations 
by computing the gauge boson self-energy in detail at the one-loop level. In 
order to preserve gauge invariance, we will use dimensional regularization. 

The contributions of order g? to the gauge boson self-energy are shown 
in Fig. 16.7. (In addition to these 1PI diagrams, there are three “tadpole” 
diagrams; but these automatically vanish, as in QED, by the argument given 
below Eq. (10.5).) The fermion loop diagram can be considered separately 
from the other diagrams, since in principle we could include any number of 
fermions in the theory. We will see below that the contributions of the three 
remaining diagrams interlock in an essential way. 

Let us first calculate the fermion loop diagram. The Feynman rule for 
the vertices in this diagram is identical to the QED Feynman rule, except 
for the addition of a group matrix t° that acts on the fermion gauge group 
indices. The value of this diagram is therefore the same as in QED, Eq. (7.90), 
multiplied by a trace over group matrices: 


The value of the trace is given by Eq. (15.78): tr[¢*t?] = C(r)6%. In a theory 
with several species of fermions, there would be a diagram of this type for each 
species. We will be mainly interested in the divergent part of this diagram, 
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which is independent of the fermion mass. If there are ny species of fermions, 
all in the same representation r, then the total contribution of fermion loop 
diagrams takes the form 


fermions ( . ) (16.59) 
2 
- v V\ ga -g 4 
=e gh — qra a gO- +--+), 
Now consider the three diagrams from the pure gauge sector. The contri- 


bution of these diagrams depends on the gauge; we will use Feynman-‘t Hooft 


gauge, €=1. 
Using the three-gauge-boson vertex from Fig. 16.1, we can write the first 
of the three diagrams as 


aie | oe so ae g 2 pacd poed yuv, (16.60) 


where the numerator structure is 


N=” = [gH (q — p)? + g7 (2p +q)" + g7*(—p — 24)”] 
x [6p — Qo + Ipo(—2p — Q” + 6%o(P + 24) p]- 


The overall factor of 1/2 is a symmetry factor. The contraction of structure 
constants can be evaluated using Eq. (15.93): fect foc? = O(G). 

To simplify the expression further, combine denominators in the standard 
way: 


1 
z 
> gn faz l an epa (P2— Ay (16.61) 
p? J 1—2)p? + z(p +q)? J 


where P = p + zq and A = —2z(1—2)q?. Then (16.60) can be rewritten 


1 
2 4 
__ Ff ab tP 1i MA 
wf we = z CAG)6 [eles (pe —ap . 
0 


The numerator structure can be simplified by eliminating p in favor of P, 
discarding terms linear in P” (which integrate symmetrically to zero), and 
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replacing P#P” with g#” P?/d (also by symmetry): 


N#Y = — gt” [(2q + p}? + (q — p)°] — dlg + 2p) (q + 2p)” 
+ [(2q + p)" (q + 2p)” + (q — p)” (2g + p)” — (q + 2p)"(q — p)” 
+ (uo v)] 
> g" P? -6(1—}) — g” @ [(2-2)? + (1+2)”] 
+ gq’ [(2—d)(1~2a)? + 2(1+2)(2—2)}. 


The final step in the evaluation is to Wick-rotate and apply the integration 
‘ formulae (7.85) and (7.86). This brings the diagram into the following form: 


we gay HO ‘| de ap 
0 


x (PA) ga [$(d—1)a(1-a)] (16.62) 
+TP(2~§) gg? [5 (2-2)? + 5(1+2)?] 
— (2-8) qq’ [(1-$) (1-22) + (1+2)(2-a)]). 


Next consider the diagram with a four-gauge-boson vertex. Using the 
vertex Feynman rule in Fig. 16.1, we find 


c, p . 
— 1 d'p —gpo 6i : 2) 
py 2S Or P 9 
YU abe pcde vo ov 

x [f° gtg" — gh? gr?) (16.63) 
a4 frre fede (guy ger _ gh? g’) 
L fade fore (ghY gee _ gh? g’?)| . 


The factor 1/2 in the first line is a symmetry factor. The first combination of 
structure constants in the vertex factor vanishes by antisymmetry; the second 
and third can be reduced by the use of Eq. (15.93). We then find simply 


KEA = -000 | ngs 5 g (d-1). (16.64) 


In dimensional regularization, the integral over p gives a pole at d = 2 but 
yields zero as d — 4. We could simply discard this diagram and trust that the 
pole at d = 2 is canceled by the other two diagrams. It is instructive, however, 
and no more difficult, to demonstrate the cancellation explicitly. To do so, we 
can force the integral to look like that of the previous diagram, multiplying the 
integrand by 1 in the form (q + p)?/(q+p)?. We then combine denominators 
as before, and eliminate p in favor of the shifted variable P = p+ xq. After 
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dropping the term linear in P, we obtain 


1 4 
KE = -P 6(G)8" [ae | E apap EDIP- 
0 


We can now Wick-rotate and integrate over P to obtain 


1 


ol 
ab 
0 


x (-Ta-4) gg? [$d(d-1)2(1-2) 
- T(2-4) gq? [(d-1)(1-2)?]). 


Expressions (16.62) and (16.65), by themselves, do not add to any rea- 
sonable value: The pole at d = 2 does not cancel, and the sum does not have 
a transverse Lorentz structure. To bring the gauge boson self-energy into its 
desired form, we must include the diagram with a ghost loop. According to 
the rules shown in Fig. 16.5, this diagram is 


(16.65) 


d 
EP ae pa 
a, : X VU P i i ac c V 
SM Re S aipa pag SLO era Ip”. (16.66) 
q xP P* (Pr 
C 


There is no symmetry factor in this case, but there is a factor of —1 because 
the ghost fields anticommute. The ghost diagram can be simplified using the 
same set of tricks that we applied to the previous two: combine denominators, 
shift the integral to P, Wick-rotate, and integrate over P using dimensional 
regularization. The result is 


£ A2-d/2 

(16.67) 
x (-r0-4) gta? [zela] 

+1'(2-4) g'g” [e(1-2)]). 


Now we are ready to put these results together. In the sum of the three 
diagrams, the coefficient of T(l—¥)g""q?x(1—2) is 


3(3d -3-8 +d—-1) =(1- $)(d-2). (16.68) 


The first factor cancels the pole of the gamma function at d = 2. Thus, the 
sum of the three diagrams has no quadratic divergence and no gauge boson 
mass renormalization. Notice that the ghost diagram plays an essential role 
in this cancellation. 
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After the pole at d = 2 is canceled, ['(1—4) becomes I'(2—4). This term 
therefore combines with the others that are proportional to r(2—4) gq’, to 
give a total coefficient of 


(d—2)x(1—2x) + §(2—a)? + $(1+a)? — (d-1)(1-2)?. (16.69) 


Since the best way to simplify this expression is not obvious, let us put it 
aside and work first with the coefficient of T(2—4)q"q” 


—(1-$)(1-2x)? — (1+2)(2-«) + 2(1-a) = —(1-$)(1-22)? — 2. 


If the total self-energy is to be proportional to (g#”q? — qq’), it must be 
possible to reduce expression (16.69) to this same form (times —1). To do so, 
note that A is symmetric with respect to x  (1—2), and therefore we can 
substitute (1—7) for x in any term of the numerator. In particular, terms that 
are linear in x can be transformed as follows: 


r — tr + (1-2) = 4. 
In the end, the sum of the three pure-gauge diagrams simplifies to 


1 
ig? T(2 2 V V 
(4r) mae? da ~ 3 av ge — gq”) [(1—§) (4-22)? + 2]. (16.70) 
0 


This expression is manifestly transverse, as required by the Ward identity of 
the non-Abelian gauge theory. For future reference, we record the ultraviolet 
divergent part of (16.70): 


adr 4 ERR a a Pya 


— py af —9 (-2) _d =) 
= i(q?g” — q" q” )6 (so. 3 JCAGIP2—5) +>): 

As we noted above, the result (16.70) depends on the gauge used in the cal- 
culation. In any gauge, the boson self-energy is transverse and free of quadratic 
divergences. However, the coefficient of the transverse Lorentz structure may 
depend on €. It turns out that, for a general value of €, the coefficient of the 
ultraviolet divergence in (16.71) is modified according to 


; , (= 3) (16.72) 


The fact that the boson self-energy depends on the gauge does not contradict 
the general theorem that S-matrix elements are independent of £. The full set 
of one-loop corrections to a gauge theory S-matrix element always involves 
a number of different radiative corrections to vertices and propagators; the 
gauge dependence cancels in an intricate fashion among these various terms. 


(16.71) 
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The 8 Function 


The simplest calculation that involves a gauge-invariant combination of radia- 
tive corrections is the computation of the leading term of the Callan-Symanzik 
G function of a non-Abelian gauge theory. The invariance of the leading term 
of 8 could be argued intuitively, by saying that the coupling constant of the 
gauge theory should not evolve to large values in one scheme of calculation 
while it stays small in another scheme. In Section 17.2 we will demonstrate 
this result more cleanly by showing that the leading coefficient of the 8 func- 
tion can be extracted from a physical cross section and so must be gauge 
independent. (Surprisingly, this conclusion actually applies to the first two 
coefficients of the 8 function, written as a power series in g.) 

Recall from Section 12.2 that the @ function gives the rate at which the 
renormalized coupling constant changes as the renormalization scale M is 
increased. Since Green’s functions depend on M through the counterterms 
that subtract ultraviolet divergences, 8 can be computed from the counter- 
terms that enter an appropriately chosen Green’s function. For example, in 
Eq. (12.58), we saw that the 8 function of QED can be computed from the 
counterterms for the electron-photon vertex, the electron self-energy, and the 
photon self-energy. The same derivation goes through in the case of a non- 
Abelian gauge theory. Thus, to lowest order, 


o 
am l 
with the conventions for the counterterm vertices shown in Fig. 16.8. In QED, 
the first two terms cancel by the Ward identity, so 8 depends only on 63. In the 
non-Abelian case, all three terms contribute. The most difficult to compute 
is 63, but we have nearly done so already by computing the gauge-boson self- 
energy diagrams. Let us now complete this calculation of the 8 function of 
non-Abelian gauge theory. 

In order for the counterterm 63 to cancel the divergence of Eqs. (16.59) 
and (16.71), it must be of the form 


B(g) =9M 6, + 62 + 463), (16.73) 


63 = 


2 _d 
TA ee EZG nsc) ; (16.74) 


where M is the renormalization scale. Depending on the precise renormal- 
ization conditions used, there may be additional finite contributions to 63, 
but these do not contribute to the 8 function (to one-loop order). Similarly, 
the finite parts of dg and 6, will depend on the details of the renormaliza- 
tion scheme. However, as we saw in Section 12.2, the one-loop contribution 
to the 8 function is the same in any scheme in which amplitudes are renor- 
malized at a point where all momentum invariants are of the same order M?. 
In dimensional regularization, a logarithmic divergence always takes the form 
T(2— a) /A?-4/2, where A is some combination of momentum invariants. Thus, 
to compute the @ function, we can simply set A = M? in such expressions. 
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Figure 16.8. Counterterms needed for computing fermion interactions in a 
non-Abelian gauge theory. 


Sa 


Figure 16.9. Diagrams whose divergences are subtracted by the counter- 
terms 69 and 6). 


To complete the computation of the 8 function, we must compute 65 
and 6; to the same level of approximation. The fermion self-energy coun- 
terterm 6) cancels the divergence proportional to # in the first diagram of 
Fig. 16.9. In Feynman-‘t Hooft gauge, the value of this diagram is 


4 —i 
Ah Sieta oom 


Since the divergence in the field strength renormalization is independent of 
the fermion mass, we have simplified (16.75) by setting the mass to zero. The 
product of group matrices equals the quadratic Casimir operator, by defini- 
tion (15.92). The Dirac matrix structure can be reduced using a contraction 
identity (7.89). The rest of the calculation follows the same steps as for the 
boson self-energy diagrams: 


4 
O renea fine 


dP ADK 
_ 2 
= g° Co(r)(d—2) Je [Bh (an)! (P (P2— Ap 


ig? r(2—-$) 
= ynl ne fave Md) Kaz 
0 


N 


N 
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«2 
1g d 
= —— KCa(r)T(2-$) +---. 16.76 
(ame a(r) ( 5) + ( ) 
(Here P = p + zk and A = —2(1—2)k?.) 
The divergent part of this expression must be canceled by the second 
counterterm diagram of Fig. 16.8. Thus, if the renormalization scale is M, the 
counterterm must be 


g T(2-$) 


62 = (4r)? (M2)2-4/2 


-C2(r), (16.77) 


plus finite terms. We note that, like 63, 62 depends on the gauge; for example, 
62 has no one-loop divergence in Landau gauge (£ = 0). 

To determine 6;, we must compute the second and third diagrams of 
Fig. 16.9. The second diagram, computed in Feynman-‘t Hooft gauge and for 
massless fermions, is 


H 
E+E + Dw 
y ole 3 pbya4d (16.78 
pt Bae e. pK OT) 
k! 
p 
The gauge group matrices can be simplified according to 
=C te iby abe xc 
arjit +i ; (16.79) 
— Ca(r)t* + Zif . ifht 


= [Ca(r) — Loa), 


In the third line we have used the antisymmetry of f°% to rewrite the matrix 
product as a commutator; in the last line we have used Eq. (15.93). 

The diagrams computed earlier in this section had positive superficial 
degrees of divergence, so we needed to extract their logarithmic divergences 
carefully. The integral in (16.78), however, is superficially logarithmically di- 
vergent, and so the coefficient of this divergence can be extracted easily by 
considering the limit in which the integration variable p is much greater than 
any external momentum. Jn this limit, the diagram is estimated as follows: 


dp pow 
On) p-p- pe’ 


POl) -0 | (16.80) 


If we replace p’p? by g?%p?/d in the numerator of (16.80), this expression 
y 


\ 
N, 
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simplifies easily: 


- 3 
~ aall) = 3Ca(G)}t9"(LA-$) +), 

T) 
This estimate gives the correct coefficient of the divergent term. It drops 
completely the finite terms in the vertex function, but we do not need these 
to compute the 8 function. 

The third diagram of Fig. 16.9 can be analyzed in the same way. Its value, 

in Feynman-’t Hooft gauge and for massless fermions, is 


d‘p ig, —i —i 
= | ——(igyt?)= tE) ——_. 
le (igy 7 (19Yp Tip? (k—p)? 
x 9 f° [gh (2k! —k—p)? + g”? (—k'—k+2p)" 


+ g” (2k—k'—p)"]. (16.82) 


The gauge matrix product can be reduced as follows: 
1 . 
Jt — ft . ifs — 5O(G)H. 


Again we can determine the logarithmic divergence of this diagram by neglect- 
ing all external momenta in comparison with p. A straightforward calculation 
then yields 


3 4 v v v 
g d*p gt’ p? — Ig’P pt + g°#p 
~ ~C2(G)t? ` 
oa! | Ea a 
3 4 
g al f @p 1 > 
~ z CHAG)E d J (an)? (p2)2 [yeep — 2P Ip +97 Io" 
ig? 3 au d 
~ r 2O a (2-4) +--+) (16.83) 


In the second line we have again replaced p’p? with g?’p?/d. 

The sum of the divergences in results (16.81) and (16.83) must be canceled 
by the third counterterm diagram in Fig 16.8. With a renormalization scale 
of M, we find 


g T(2-$) 
(4r)? (M2)2-4/2 


& = [Co(r) + C2(G)]. (16.84) 


Notice that 61 is not equal to 69, as would have been true in the Abelian case; 
here 6, has an extra term, proportional to C2(G). 
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We are now ready to compute the @ function. Plugging the three coun- 
terterms (16.74), (16.77), and (16.84) into our formula (16.73), we find 


3 
(9) = D i [(Calr) + Ca(G)) = Clr) + 300) - fnrt) )]: 
that is, 
3 
plg) TAE E C2(G) snyC(r)]. (16.85) 


Notice that, at least for small values of n f, the @ function is negative and so 
non-Abelian gauge theories are asymptotically free. This is a result of excep- 
tional physical importance, first discovered by ’t Hooft, Politzer, and Gross 
and Wilczek.* We will discuss the physical interpretation of this result fur- 
ther in Section 16.7, and in the next. several chapters. However, for the rest 
of this section, we will resist the temptation to pursue the physics and in- 
stead complete our technical analysis of the divergences of non-Abelian gauge 
theories. 


Relations among Counterterms 


In the analysis just completed, we computed the 8 function of a non-Abelian 
gauge theory from the divergences of the fermion vertex and field strength 
renormalizations. One might visualize that we were computing the running 
of the coupling constant at the fermion-gauge boson vertex. Alternatively, 
we could have studied the divergences of the three-gauge-boson vertex or the 
four-gauge-boson vertex, and thus computed the running of these coupling 
constants. However, we saw already in Section 16.1 that non-Abelian gauge 
invariance knits together these separate coupling constants and requires their 
equality. Thus we might expect that these different calculations should pro- 
duce the same value of the 8 function. 

To clarify this issue, let us carefully enumerate all the counterterms that 
appear in a non-Abelian gauge theory. We start from the Lagrangian (16.34), 
regarded as a combination of bare fields and a bare coupling constant. In the 
following discussion, we denote bare quantities by the subscript 0. Then, 


1 aly f -a a, 
£ = ~7 (Ab, ~ AG,” + Voli — mo) vo — 2.08 
+ GAG, voto — gof” (3 A$, ) Ab, A, (16.86) 
1 eQ a ec eC za faoc c 
= a9 f ” Ab Adv) (Ff “AS, Ag) ~~ gof ? or APC. 


We choose € = œœ for simplicity. We now rescale the fields to the renormalized 
field strengths by extracting the factors Z2, Z3, Z5 for the fermions, gauge 


*G. ’t Hooft, unpublished; H. D. Politzer, Phys. Rev. Lett. 30, 1346 (1973); D. J. 
Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343 (1973). 
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bosons, and ghosts, and shift the coupling to the renormalized coupling g. 
The Lagrangian then takes the form 


L= Lren + Let., 


where Lren is the Lagrangian (16.34) and Le.t. takes the form 


1 To 670,92 a 
Let = -780,4 — a, Aa)? + o)(ib29 — bm) — 650°C? c 


+ gb App — 96? f% (3 AP) AL AL (16.87) 
— PE (FAS AL)(FTAE AS) — gfe f°" Ab ce, 
with the counterterms defined by 


63 = Z2 — 1, 63 = Z3 — 1, 65 = Z3 — 1, ôm = Zomo — M, 


3 9 


ô = ae -1,  6%= oe -1 


2 
649 = %(7,)? —1, se = S ZS Za)? —1. (16.88) 


Notice that these eight counterterms depend on five underlying parameters; 
thus, there are three relations among them. The situation is very similar to 
that for the scalar theories with spontaneously broken symmetry that we stud- 
ied in Chapter 11. The underlying symmetry of the theory—here, local gauge 
invariance—implies relations among the divergent amplitudes of the theory 
and among the counterterms required to cancel them. In the present case, a 
set of five renormalization conditions uniquely specifies all of the counterterms 
in a way that removes all divergences from the theory. 

This program is especially simple at one-loop order. In this case we can 
expand go/g and the various Z factors about 1, keeping only the leading- 
order contribution to each counterterm. Then the three relations among the 
counterterms can be written 


61 — 82 = 679 — 63 = 1 (619 — $3) = ôf — 65. (16.89) 


It is instructive to check explicitly that the values of 679, 549 , and ôf de- 
termined from (16.89) indeed remove the divergences of the corresponding 
vertex diagrams; this is the subject of Problem 16.3. Using relations (16.89), 
it is easy to show that the one-loop calculation of the @ function will yield the 
same value, whichever gauge boson vertex is used in the computation. More 
generally, consider a non-Abelian gauge theory with many different species 
of particles, bosons and fermions, which couple to the gauge field. Then, to 
one-loop order, the quantity 
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where 6! is the vertex counterterm for species i and 63 is the corresponding 
field strength counterterm, takes a universal value. This value is gauge de- 
pendent, so that the gauge dependence of its divergent part cancels the gauge 
dependence of 463 in the computation of the 8 function. 

In our discussion of the counterterms of QED at the end of Section 10.3, 
we remarked that the relation between 6, and 52 insured that all electrically 
charged species sec a common universal value of the coupling constant e. In 
non-Abelian gauge theories, the relations (16.89) and their higher-loop gener- 
alizations preserve the universality of the non-Abelian couplings. In QED, we 
were able to obtain an even stronger relation, 6; = 62 or Z; = Z2, from the ab- 
solute normalization of the matrix elements of the vector current. However, in 
non-Abelian gauge theories, the corresponding vector current j#¢ = wy"t*y 
transforms under local gauge transformations in the adjoint representation. 
Thus the Faddeev-Popov prescription cannot be used to compute matrix el- 
ements of this current unambiguously, and thus the normalization of these 
matrix elements is not preserved by the perturbation theory. 


16.6 Asymptotic Freedom: The Background 
Field Method 


In the previous section, we saw that the 8 function of a non-Abelian gauge 
theory with a sufficiently small number of fermions is negative. This result 
is important enough that it is worthwhile to derive it twice. The preceding 
derivation was straightforward but not very illuminating. In this section we 
give a second derivation of the same result, which is more abstract but much 
cleaner and more transparent. 

The method of this section reflects the spirit of Wilson’s idea of inte- 
grating out the high-momentum degrees of freedom, while taking proper care 
to preserve gauge invariance. We will compute the effective action of a non- 
Abelian gauge theory for a fixed, slowly varying, classical background gauge 
field A% (x). By adopting a canonical normalization of this field, we can in- 
terpret the coefficient of the effective action as a running coupling constant. 
This method is analogous to Polyakov’s method for computing the 8 function 
of the nonlinear sigma model, presented in Section 13.3. 


Background Field Perturbation Theory 


To set up the computation, rescale the gauge field gA, — Aj. In this nor- 
malization, the gauge coupling is removed from the covariant derivative and 
moved to the coefficient of the gauge field kinetic energy term. We thus start 
from the Lagrangian 


1 


L= — 
4g? 


(Fi)? + Yip, (16.90) 
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with 
D,, = 0, — iApt", 


(16.91) 
a a a, pabe Ab Ac 
Fi, = OAL — VAL + f ALA 


and the fermion mass set to zero for simplicity. The transformation laws of 
Aj, and w are also independent of the coupling constant: 


AS = Oa + fPAla®, OY = ia® ty. (16.92) 


On the other hand, the coupling constant g will appear in the gauge field 
propagator. 

Next, split the gauge field into a classical background field and a fluctu- 
ating quantum field: 


Al, A, + Al. (16.93) 
We will treat the classical part Aj, as a fixed field configuration and the 
fluctuating part Al as the integration variable of the functional integral. From 


here on, we will use the symbol D, to denote the covariant derivative with 
respect to the background field: D, = 0, — tAjt*. Then 


PiD)b > PPY + App. (16.94) 
The Yang-Mills field strength decomposes as follows: 
Fi > pAr — Op Al, + for AP AG 
+ ÔA? — OLAS + FH (ALAS — ARAL) + OSARA, (16.95) 
= Fi,+D Ap — DrAl, + fr MAS, 
where, in the last line, Fg is the field strength of the classical field, and D,, 
is the covariant derivative in the adjoint representation, Eq. (15.86). Notice 
that, both in (16.94) and in (16.95), the derivative 0, appears only as a part 
of the covariant derivative with respect to the background field. 
If the background field A% is regarded as fixed, the Lagrangian has a local 
gauge symmetry implemented by transformations on Al: 
AS => AS + Dya® + fAs. (16.96) 


To define the functional integral, we must gauge-fix using the Faddeev-Popov 
procedure. We choose a gauge-fixing condition that is covariant with respect 
to the background gauge field: 


G(A) = DAS = u’, (16.97) 


instead of (16.28). The Faddeev-Popov determinant involves the variation of 
this operator with respect to the gauge transformation (16.96). As in Section 
16.2, we can promote the gauge-fixing term to the exponent, to quantize the 
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theory in the background field analogue of Feynman-’t Hooft gauge. Then the 
gauge-fixed Lagrangian is 


1 a\2 
aga O A 
+ PP + ASt Jp + E(D? — DH SAR) 
The Lagrangian (16.98) is gauge-fixed, but it is invariant under a local 
symmetry that transforms both A? and the background field A/: 


1 2 
L — F° + D A? D, a abe 4b ejf _ 
FP 4g? ( py pA, Atf AAs) (16.98) 


AS — AS + Dpp’ 
A2 Aa — faregh Ac 
Yp — y tip ty 


— f% b 


(16.99) 


E c e? c 


Under this transformation, An transforms as a matter field in the adjoint 
representation, while Al, carries the part of the local gauge transformation 
proportional to 0,,3%. To prove that (16.99) is a symmetry of (16.98), we need 
only note that (16.98) is globally invariant, and that Af, appears in (16.98) 
only as a part of the covariant derivative and the field strength. The trans- 
formation (16.98) is also a symmetry of the functional measure. Thus, if we 
functionally integrate over Al y, and c° to compute the effective action, the 
result must be invariant to local gauge transformations of Aj). This observa- 
tion greatly simplifies the analysis of the effective action. 


One-Loop Correction to the Effective Action 


Let us now compute the effective action, using the method of Section 11.4. To 
compute T[A}] to one-loop order, we drop terms linear in the fluctuating field 
A’, and then integrate over the terms quadratic in Aj, and the fermion and 
ghost fields. This produces functional determinants, which we can evaluate 
into an appropriate form for an effective action. 

To carry out this program, we must work out the terms in (16.98) 
quadratic in each of the various fields. The terms quadratic in A; are: 


1 Q Q Quy faoc 
La = ~ gga ADA; — D A2)? + FY fore A’ A’ + (DEAS)? }. (16.100) 
After means by parts, we can rewrite this as 
LA — = = l fae- (D?)®g py + (D” DH) _ (DE DY) ) AP, — AG fore Fer ASS, 
(16.101) 


The term in brackets contains the commutator of covariant derivatives. This 
can be simplified using (15.48); the result combines with the last term to give 


La= -z 1 pae- (D?) ge” — 2f% Fem AS} (16.102) 
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The first term is part of a covariant d’Alembertian operator. The second term 
seems quite special, but we can put it into a form that will be convenient later 
as follows: First, we recognize that F by is contracted with a group generator 
in the adjoint representation. Next, we introduce the matrix (3.18) that is the 
generator of Lorentz transformations on 4-vectors: 


(FT? Vea = 16663 — 65,54). (16.103) 
With these replacements, we can write (16.102) in the form 
1 a ac Vv o Vv ac 
La= -zz Mul- 0D’) gt! + (EFS, IP (te) AS}. (16.104) 


The object in brackets can be considered as a generalized d’Alembertian for 
fluctuations on the background field. 

Next, we reduce the quadratic terms in fermion fields in a similar way. 
The quadratic Lagrangian for the fermion field is 


Ly = Yip. (16.105) 


Integrating over the fermion fields, we find the determinant of the operator 
(iØ). This is conveniently expressed as the square root of the determinant of 
the operator 


(ip)? = -yy D, Du 
= (=H) - bh") D,D. (16.106) 
i v 
=—D? + 2i( 707 ]) D,D». 


In the last line, the commutator of Dirac matrices forms the generator of 
Lorentz transformations in the spinor representation, S#” (3.23). Since this 
object is antisymmetric in its indices, the product D,D, that is contracted 
with it can be replaced by half of their commutator. Then (16.106) takes the 
form 


(iP)? = —D? + 2(5 FS?" )t°, (16.107) 


where t° is now given in the representation of the fermions. This is just the 

d’Alembertian in (16.104), rewritten for the new set of spin and gauge quan- 

tum numbers. If the theory contains ny species of fermions, the fermionic 

functional integral gives the determinant of (16.107) raised to the power n/2. 
The quadratic term in ghosts is simply 


Le = &[-(D?) Je’; (16.108) 


This contains the same d’Alembertian operator written for the case of spin 
zero. 

To summarize all of these results, we define the general covariant back- 
ground-field d’Alembertian as 


Arj = —D? +2(3F),9°"), (16.109) 
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acting on a field of representation r and spin j. The square of the covariant 
derivative gives the normal, convective, minimal coupling of the particle de- 
scribed by A,.; to the gauge field. The additional term is a magnetic moment 
interaction with the gauge field, whose strength corresponds to a g-factor 
g = 2. Using this general expression, we can write the effective action for the 
classical fields Ab to one-loop order, as 


eiTlA] — [ pavure exp i fate (Lre + Lea.) 


= exp[i f e(a Ei)? + Len) (16.110) 


(det Aga)? (det Anaya)?!” (det Aco)", 


where Le.t. is the counterterm Lagrangian and the three determinants are the 
results of evaluating the gauge field, fermion, and ghost functional integrals. 
Additional loop corrections to the effective action are suppressed by another 
factor of g?. 

Since each integral contributing to (16.110) is invariant to (16.99), each 
determinant will be a gauge-invariant functional of Aj, If we expand the 
determinants in powers of the background field, we should then find a series 
of terms that begins 


log det Ar; = i faz (Goh) fe J (16.111) 


where the succeeding terms contain higher-dimension gauge-invariant opera- 
tors. The coefficient C, į can depend on the representation r and the spin j. 
This first term of the expansion modifies the zeroth-order effective action ac- 
cording to 


1 
4g? 


171 1 n 
(Fi)? itae Cao 2 Caja) (Ei). (16.112) 


The factors C, į; are dimensionless but, since they arise from a one-loop com- 
putation, we should expect that they are logarithmically divergent: 


2 


A 
rj = Crj log zz ts, (16.113) 


© k 


where k is a momentum characterizing the variation of the background field. 
The counterterm 63 removes the divergence; if we impose a renormalization 
condition at the scale M, then the addition of (16.113) and its counterterm 
gives the result (16.112) with the replacement 


2 
Crj = Crj log yy Hee (16.114) 
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Then the original fixed coupling constant in the effective action is replaced by 
a running coupling constant 


1 1 sl ny M? 
g2(k?) = g? + (Geo. cao = 5 cn1/2) log FE (16.115) 
or 
g 
P = i (16.116) 


1— (4ce, — €G,0 — $F er1/2)9? log k?/M?" 


By comparing this form to Eq. (12.88), we see that this running coupling con- 
stant is the solution to the renormalization group equation for the 8 function 


1 n 
B(g) = (5ce. cG o a oray2) 9%. (16.117) 
Thus, by calculating the c, j, we can directly obtain the leading coefficient of 
the 8 function. 
Computation of the Functional Determinants 


To compute c,,;, we must work out the first term in the expansion of the 
determinant in powers of the external field. To expand the determinant, we 
proceed as in the example in Section 9.5. Write 


Arj = -8 + AY 4 AO HAD, (16.118) 


where 
AM = if” At? + A2t O] 


A® = AH Art? (16.119) 
AW) = (FF? I”). 


The pieces A@) and A) contain one power of the external field; A® contains 
two powers of A’. Treating these terms as perturbations, we write 


log det A, į = log det{—0? + (AM + AQ + AMY) 
= log det[—8?] + log det[1 + (—0?) (AM + AP + AWM)) 
= log det[—87] + tr log[1 + (—8?)"1(AM + A@ + AM)) 
= log det[—€?] + tr[(—0?)-“1(AY 4+ A® + AM) +]. 
(16.120) 
The first term of the right in (16.120) is an irrelevant constant. The terms 
in this expansion that are linear in Af, vanish by gauge invariance (or, more 


explicitly, because tr[¢*] = 0). The quadratic terms in A’, must organize them- 
selves into the structure of (16.111), plus terms with higher derivatives. 
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SONE O- Or 
Figure 16.10. Terms quadratic in the external field in the expansion of 
log det A, ;. The special vertex arises from the F°? Jpo coupling. 


The terms in (16.111) quadratic in Af, can be written in Fourier space as 


N 4 
log det A,,; = + S ERARA — HRY)» [Cry + ORP]. 


2 J (27)4* ” 

(16.121) 
We will now compute these terms explicitly from (16.120) and bring them 
into the form of (16.121). The terms with two powers of A% in the expan- 
sion (16.120) are those with one power of A) or two powers of AM or AW). 
Further, terms linear in A) are proportional to tr[7°7] = 0, so the cross 
term between these two structures vanishes. The three remaining contribu- 
tions correspond to the Feynman diagrams shown in Fig. 16.10. 

The term involving two powers of A“ is 


—htr[(-8?) 1A (-07) VAM] = WC 


dtk dî 1 1 
=3 low ALA, Jen tr p P + Or F P +k)*t?, 
(16.122) 
where the trace is now simply a trace over gauge and spin indices. The factor 
1/2 comes from the expansion of the logarithm. The term involving one power 
of A) is 


tr[(-0?)1A®] = Q 


dtk d'p 1 
= Atal tr tee’, 
lam u | ape p2 


As Fig. 16.10 suggests, these two contributions are precisely proportional to 
the contribution of a scalar particle to the QED vacuum polarization, times 
the factor 


(16.123) 


tritt] = C(r)d(j)6™, (16.124) 


where d(j) is the number of spin components. The values of the diagrams can 
be worked out using the methods of the previous section (or simply recalled 
from Problem 9.1). One finds that the two diagrams together sum up to the 
gauge-invariant form (16.121), to give 


Lf atk 4, or pugn EOW) 
Eag e) irog +]. 16.125) 
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The term involving two powers of A‘) is 


-3 tr[(-—0?) 7AM) (8?) TAM) = wr 


4 4 
- -4f d'k agat f OP il (Qik y Guo J (2ikagra TYEE. 


(27) H Y] (ant p (p+k)2 
(16.126) 
To evaluate this, define C'(j) as the trace over spin indices 
trl FP? IP] = (9? gP — gP gC). (16.127) 
It is straightforward to work out from the explicit expressions that 
0 scalars; 
C(j) = 41 Dirac spinors; (16.128) 
2  4-vectors. 
Then (16.126) can be evaluated as 
1 f dtk dp 1 1 
—= | —— A2 A? k? gt” — kek’) 4 j 
aJ Eyit [op epee BIC) 
1 f d'k 4C(r)C(j) 
— ` a Atk 2g” — kek” ; T d wee), 
5 EADAE Rg — er (Erag 4...) 
(16.129) 


Adding (16.125) and (16.129), we find that the coefficient C, ; in (16.111) 
is given by 


Cry = g BA) -COCOH (16.130) 
Thus, 
D age G0) 4CG)]C(r), (16.131) 


or explicitly, 
C(r) +1/3 scalars; 
Crj = (any —8/3 Dirac spinors; (16.132) 
—20/3 4-vectors. 


Notice that, whenever the magnetic moment term is nonzero, it dominates, 
and that its coefficient is opposite in sign from the convective term. 
Inserting the values from (16.132) into (16.117), we find 


3 
B(g) = -uF (00) =- asce}. (16.133) 


We thus confirm the conclusion of the previous section, that non-Abelian 
gauge theories with sufficiently few fermions are asymptotically free. 
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In the previous two sections! we twice calculated the 3 function in non-Abelian 
gauge theory: 


ngC(r)). (16.134) 


Here ny is the number of fermion species in representation r, C(r) is the con- 
stant appearing in the orthogonality relation (15.78) for the representation 
matrices, and Co(G) is the quadratic Casimir operator of the adjoint repre- 
sentation of the group, defined in Eq. (15.92). In an SU(N) gauge theory with 
fermions in the fundamental representation, this result becomes 


3 
g (2 N 2 ) 
= . 16.135 
The overall minus sign implies that, for sufficiently small ny, non-Abelian 
gauge theories are asymptotically free. In this case the running coupling con- 
stant tends to zero at large momenta, according to Eq. (12.92): 


2 
2 g 
gk) = . (16.136) 
1+ oe GEN — ĝnp)log(k?/M?) 


The asymptotic freedom of non-Abelian gauge theories is a surprising 
conclusion. When we first encountered the running of the electromagnetic 
coupling in Section 7.5, we found it easy to understand the direction of the 
coupling constant flow: The vacuum acquires a dielectric property due to 
virtual electron-positron pair creation, causing the effective electric charge 
to decrease at large distances. In non-Abelian gauge theories, according to 
Eq. (16.134), the fermions still produce such an effect. Furthermore, since the 
non-Abelian gauge bosons are charged, they should produce an additional 
screening effect. But according to Eq. (16.134), the net effect of the non- 
Abelian gauge bosons is opposite in sign. Apparently there must be other, 
competing, effects, which overcome the effect of screening and change the 
sign of the @ function. 

The precise form of these effects depends on the gauge. They are simplest 
to describe in the Coulomb gauge, for which the gauge fixing condition is 


0,A% = 0. (16.137) 


We will not work out the full quantization in this gauge; rather, we will just 
describe its qualitative features. As in electrodynamics, the field quanta in 
Coulomb gauge are described in a non-Lorentz-covariant manner as trans- 
versely polarized photons. There are no timelike or longitudinal photons and 


tSection 16.7 draws on the main result of 16.5 and 16.6, but does not depend 
on these earlier sections. However, even if you have not read Section 16.5, you may 
wish to skim pages 522 through 531 to get an overview of how the @ function can be 
calculated. 
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no propagating ghosts. However, there is a Coulomb potential, described by 
the field A°?, which obeys a constraint equation analogous to Gauss’s law. Not 
surprisingly, in the non-Abelian case, Gauss’s law takes the gauge-covariant 
form 


D,E@ = gp", (16.138) 


where E% = F°% and p° is the charge density of the global symmetry current 
of the fermions. Recall from Eq. (15.86) that the covariant derivative acting 
on a field in the adjoint representation is 


(D,)* = 06° + gf MAb gs. 


To analyze the consequences of Eq. (16.138), we will choose an example 
as simple and explicit as possible. Let the gauge group be SU(2), so that 
a = 1,2,3 and f2¢ = «%°, Let us compute the Coulomb potential of a point 
charge of magnitude +1 with the orientation a = 1. We will solve for E% using 
an iteration process, putting the gauge-field term of the covariant derivative 
on the right-hand side of the equation: 


BEH = gO (x)6% + gee AH E, (16.139) 


The second term on the right shows that, in a non-Abelian gauge theory, 
a region containing vector potentials and electric fields that are parallel in 
physical space and perpendicular in the group space is a source of electric 
field. 

The implication of Eq. (16.139) is worked out pictorially in Fig. 16.11. 
The leading term on the right-hand side of (16.139) implies a 1/r? electric 
field of type a = 1 radiating from x = 0. Somewhere in space, this electric 
field will cross with a bit of vector potential A arising as a fluctuation of the 
vacuum. For definiteness, let us assume that this fluctuation has a = 2 and 
points in some diagonal direction, as shown in Fig. 16.11(a). Then the second 
term on the right-hand side of Eq. (16.139) is negative for a = 3: There is a 
sink of the field Æ% at this location, as shown in Fig. 16.11(b). These new 
fields are, in two locations, parallel or antiparallel to the original A® field 
fluctuation. Looking again at the second term of Eq. (16.139), we see that 
there is a source of electric field with a = 1 closer to the origin, and a sink of 
electric field with a = 1 farther away. This is an induced electric dipole in the 
vacuum, shown in Fig. 16.11(c). But look at the signs: This dipole is oriented 
toward the original charge, and thus serves to amplify rather than screen it! 
The effect of the original charge thus becomes stronger at larger distances. 

The competition between this antiscreening effect and the screening due 
to virtual pairs of gauge bosons must be worked out quantitatively. When this 
is done,* one finds that the antiscreening effect is 12 times larger. 

In this argument, it is a set of dynamical features peculiar to the non- 
Abelian gauge theory that enables the coupling constant to be amplified rather 


İT. Appelquist, M. Dine, and I. Muzinich, Phys. Lett. 69B, 231 (1977). 
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Figure 16.11. The effect of vacuum fluctuations on the Coulomb field of 
an SU(2) gauge theory. In (a), a fluctuation A? occurs on top of the 1/r? 
field El. These combined fields generate a sink of the field E3, as shown 
in (b). The E field, in turn, combines with A? to create an effective Et 
dipole, shown in (c). The dipole points toward the original charge, enhancing 
its field at large distances. 


than screened at large distances. This suggests that asymptotic freedom might 
be a special property of non-Abelian gauge theories. Although the statement 
can be proved only by exhausting other cases, it does actually turn out to 
be true: Among renormalizable quantum field theories in four spacetime di- 
mensions, only the non-Abelian gauge theories are asymptotically free.* We 
have already seen in Chapter 14 that asymptotic freedom was suggested ex- 
perimentally as a property of the strong interactions. In the following chapter 
we will build a model of the strong interactions out of a non-Abelian gauge 
theory and explore its properties in detail. 


*S. Coleman and D. J. Gross, Phys. Rev. Lett. 31, 851 (1973). 
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Problems 


16.1 Arnowitt-Fickler gauge. Perform the Faddeev-Popov quantization of Yang- 
Mills theory in the gauge A34 = 0, and write the Feynman rules. Show that there 
are no propagating ghosts, and that the gauge field is reduced to two positive-metric 
degrees of freedom. (Although the gauge condition violates Lorentz invariance, this 
symmetry is restored in the calculation of gauge-invariant S-matrix elements.) 


16.2 Scalar field with non-Abelian charge. Consider a non-Abelian gauge theory 
with gauge group G. Couple to this theory a complex scalar field in the representation r. 


(a) Show that the Feynman rules for the scalar field are a simple modification of 
the Feynman rules displayed for scalar QED in Problem 9.1(a). 


(b) Compute the contribution of this scalar field to the 8 function, and show that 
the full 8 function for this theory is 


16.3 Counterterm relations. In Section 16.5, we computed the divergent parts of 
61, 62, and 63. It is a good exercise to compute the divergent parts of the remaining 
counterterms in Eq. (16.88) to one-loop order in the Feynman-’t Hooft gauge, and to 
explicitly verify that the counterterm relations (16.89) are consistent with the removal 
of ultraviolet divergences. 


(a) The ghost counterterms are particularly easy to compute. Work out 6f and 6§, 
and show that the divergent part of their difference equals the divergent part 
of 61 — 62. This gives a derivation of asymptotic freedom that is slightly easier 
than the one in Section 16.5. 


(b) Compute the counterterm for the 3-gauge-boson vertex and verify the first equal- 
ity in (16.89). 

(c) Compute the counterterm for the 4-gauge-boson vertex and find, when the smoke 
clears, the second relation in (16.89). 


Chapter 17 


Quantum Chromodynamics 


The key to constructing a realistic model of the strong interactions is the 
phenomenon of asymptotic freedom. Chapter 14 described the experimental 
discovery of this phenomenon, while Chapter 16 presented the theoretical 
proof that non-Abelian gauge theories are asymptotically free. We are now 
ready to explore the consequences of these discoveries. 

We will begin by arguing that the most natural candidate for a model 
of the strong interactions is the non-Abelian gauge theory with gauge group 
SU(3), coupled to fermions (quarks) in the fundamental representation. This 
theory is known as Quantum Chromodynamics, or QCD. After some general 
discussion of QCD in Section 17.1, we will investigate a number of specific 
QCD scattering processes in Sections 17.2 through 17.4. The most interesting 
application of QCD, however, is of a somewhat more sophisticated nature; it 
comes in the prediction of a pattern of slow violations of the Bjorken scaling 
relation discussed in Chapter 14. Section 17.5 develops the additional theo- 
retical tools that are needed to understand these violations. 

Although this chapter includes many references to experiments, we re- 
mind the reader that, for QCD as for QED or critical phenomena, this book 
is primarily a textbook of theoretical methods rather than a review and in- 
terpretation of experimental data. The details of experimental techniques and 
results on strong interaction physics are reviewed in a number of excellent 
texts (see the bibliography). We kope that this chapter will give the theoret- 
ical foundation necessary to illuminate and interpret these results. 


17.1 From Quarks to QCD 


Our current theoretical picture of the strong interactions began with the 
identification of the elementary fermions that make up the proton and other 
hadrons. As the properties of these fermions became better understood, the 
nature of their interactions became tightly constrained, in a way that led even- 
tually to a unique candidate theory. In order to appreciate the uniqueness of 
this theory, we begin this chapter with a simplified history of how it arose. 
In 1963, Gell-Mann and Zweig proposed a model that explained the spec- 
trum of strongly interacting particles in terms of elementary constituents 
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called quarks. Mesons were expected to be quark-antiquark bound states. In- 
deed, the lightest mesons have just the correct quantum numbers to justify 
this interpretation; they are spin-0 and spin-1 states of odd parity, just as we 
found for fermion-antifermion bound states of zero orbital angular momen- 
tum in Chapter 3. Baryons were interpreted as bound states of three quarks. 
To explain the electric charges and other quantum numbers of hadrons, Gell- 
Mann and Zweig needed to assume three species of quarks, up (u), down (d), 
and strange (s). Additional hadrons discovered since that time require the 
existence of three more species: charm (c), bottom (b), and top (t). To make 
baryons with integer charges, the quarks needed to be assigned fractional elec- 
tric charge: +2/3 for u, c, t, and —1/3 for d, s, b. Then, for example, the proton 
would be a bound state of uud, while the neutron would be a bound state of 
udd. The six types of quarks are conventionally referred to as flavors. 

The quark model had great success in predicting new hadronic states, and 
in explaining the strengths of electromagnetic and weak-interaction transitions 
among different hadrons. In particular, the quark model naturally incorporates 
the most important symmetry relations among strongly interacting particles. 
If one assumes that the u and d quarks have identical masses and interactions, 
the SU(2) group that acts as a unitary rotation of u and d states, 


(3) ~u (4) (17.1) 


should be a symmetry of the strong interactions. Indeed, both in nuclear and in 
elementary particle physics, the quantum states form multiplets of this SU (2) 
symmetry, called isotopic spin or isospin. Similarly, since the strange quark 
is only a little heavier than the u and d quarks, it makes sense to consider the 
symmetry of unitary transformations of the triplet (u, d,s). Gell-Mann and 
Ne’eman showed that the elementary particles naturally fill out irreducible 
representations of this SU(3) symmetry. 

Despite the phenomenological success of the original quark model, it had 
two serious problems. First, despite considerable effort, free particles with 
fractional charge could not be found. Second, the spectrum of baryons re- 
quired the assumption that the wavefunction of the three quarks be totally 
symmetric under the interchange of the quark spin and flavor quantum num- 
bers, contradicting the expectation that quarks, which must have spin 1/2, 
should obey Fermi-Dirac statistics. The need for this symmetry is most clearly 
illustrated in the fact that one of the lightest excited states of the nucleon is 
a spin-3/2 particle with charge +2, the A++. This particle is readily inter- 
preted as a uuu bound state with zero orbital angular momentum and all 
three quark spins parallel. 

To reconcile the baryon spectrum with the spin-statistics theorem, Han 
and Nambu, Greenberg, and Gell-Mann proposed that quarks carry an addi- 
tional, unobserved quantum number, called color. They introduced the ad hoc 
assumption that baryon wavefunctions must be totally antisymmetric in color 
quantum numbers. Then, if the quark wavefunctions are totally symmetric 
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in spin and flavor, they are totally antisymmetric overall, in agreement with 
Fermi-Dirac statistics. The simplest model of color would be to assign quarks 
to the fundamental representation of a new, internal SU(3) global symmetry. 
Suppressing for a moment the spin and flavor quantum numbers, we can rep- 
resent quarks by g;, where i = 1, 2, 3 is the color index. Thus quarks transform 
under the fundamental, or “3”, representation of the color SU(3) symmetry. 
Antiquarks, gf, transform in the 3 representation. The inner product of a 3 
and a 3 is an invariant of SU(3). One can also form an invariant by using the 
totally antisymmetric combination of three 3’s, eijk: This object transforms 
under a unitary transformation according to 


Eijk > Ui Ujj Ukk’ Eijk = (det U )éijk, (17.2) 


and so is invariant under SU (3) transformations, which have det U = 1. Under 
the postulate that all hadron wavefunctions must be invariant under SU (3) 
symmetry transformations, these two types of combinations are the only sim- 
ple ones allowed: 

aa, qiga eit Pg. (17.3) 
That is, the assumption that physical hadrons are singlets under color implies 
that the only possible light hadrons are the mesons, baryons, and antibaryons. 

Like the original quark model, the color hypothesis was phenomenologi- 
cally successful but raised additional questions: Why should quarks have this 
seemingly superfluous property, and what mechanism insures that all hadron 
wavefunctions are color singlets? The answers to these questions came not 
from hadron spectroscopy, but from the deep-inelastic scattering experiments 
described in Chapter 14 and the ensuing search for a theory of parton binding 
with the property of asymptotic freedom. When it was discovered that non- 
Abelian gauge theories have this property, all that remained was to identify 
the correct gauge group and fermion representation. Since the color symmetry 
had no other obvious physical role, it was natural to identify this symmetry 
with the gauge group, with the colors being the gauge quantum numbers of 
the quarks. This reasoning resulted in a model of the strong interactions as a 
system of quarks, of the various flavors, each assigned to the fundamental rep- 
resentation of the local gauge group SU (3). The quanta of the SU (3) gauge 
field are called gluons, and the theory is known as Quantum Chromodynamics, 
or QCD. 

In this book, we will mainly investigate the properties of QCD in the 
high-energy regime, where the coupling constant has become small. However, 
we should point out that one can also study QCD in the regime of strong 
coupling, using an approximation scheme introduced by Wilson in which the 
continuum gauge theory is replaced by a discrete statistical mechanical system 
on a four-dimensional Euclidean lattice. Using this approximation, Wilson 
showed that, for sufficiently strong coupling, QCD exhibits confinement of 
color: The only finite-energy asymptotic states of the theory are those that 
are singlets of color SU (3). Thus the ad hoc assumption that explains the 
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Figure 17.1. Gauge electric field configuration associated with the separa- 
tion of color sources in a strong-coupling gauge theory. 


spectrum of hadrons turns out to be a consequence of the non-Abelian gauge 
theory coupling to color. If one attempts to separate a color-singlet state 
into colored components—for example, to dissociate a meson into a quark 
and an antiquark—a tube of gauge field forms between the two sources, as 
shown in Fig. 17.1. In a non-Abelian gauge theory with sufficiently strong 
coupling, this tube has fixed radius and energy density, so the energy cost of 
separating color sources grows proportionally to the separation. A force law 
of this type can consistently be weak at short distances and strong at long 
distances, accounting for the fact that isolated quarks are not observed. We 
will discuss the large-distance, strong-coupling limit of gauge theories further 
in the Epilogue. 

The short-distance limit of Quantum Chromodynamics can be readily 
studied using the Feynman diagram technology that we have developed in 
previous chapters. Here asymptotic freedom makes the coupling weak, and 
there is a sensible diagrammatic perturbation theory that begins from the 
model of free quarks and gluons. The following sections treat the elementary 
interactions among quarks and gluons that can be observed in high-energy 
experiments. 


17.2 ete~ Annihilation into Hadrons 


The simplest reaction involving quarks is the production of quark pairs in 
ete” annihilation, a process that we treated already in Section 5.1. There we 
analyzed this process only at the most elementary level, viewing it as a pure 
QED reaction in which free quarks are created by a virtual photon. The dia- 
gram for this lowest-order process is shown in Fig. 17.2(a). The computation 
of the total cross section includes a sum over the various color states of the 
quark fields, and so provides a confirmation that the number of allowed colors 
is 3. Combining the color factor with the square of the quark electric charges, 
we found (Eq. (5.16)) 


a(ete” — hadrons) = oo 3- 5y Q7, (17.4) 
f 
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Figure 17.2. Diagrams contributing to the process ete~ — hadrons in 
QCD: (a) the leading-order diagram; (b) corrections of order as. 


where oo is the QED cross section for ete7 > pepe, 


4ra? 
35 


090 = (17.5) 
and the sum in (17.4) is taken over quark flavors. This formula assumes that 
the center of mass energy is high enough that we can ignore the quark masses. 

When we couple the quarks to an SU(3) gauge theory, we add many 
important processes that affect both the value of this cross section and the 
final states that it includes. Some of the most important effects cannot be 
discussed within the context of perturbation theory. In particular, though 
the leading diagram contains free quarks, the particles that emerge from the 
reaction are color-singlet mesons and baryons. However, we will find that QCD 
perturbation theory with quarks and gluons does make a number of important 
predictions for ete~ annihilation to hadrons. The ideas that we develop in 
working out these predictions will also apply to many other strong-interaction 
processes. 


Total Cross Section 


The leading corrections to the rate of ete~ annihilation due to gluon exchange 
and emission are shown in Fig. 17.2(b). These are precisely the diagrams 
computed in the Final Project of Part I. The first two diagrams give a cross 
section of order g*, where g is the SU(3) gauge coupling, to produce a gluon 
in addition to the quark and antiquark. The third diagram must be summed 
in the amplitude with the leading diagram to produce a correction to the 
rate of qq production without gluon emission. In Part I, we computed these 
two contributions as if the strong interactions were an Abelian gauge theory. 
To obtain the corresponding expressions in QCD, we need only multiply the 
Abelian formulae by the group theory factor 


4 
tr[t*t?] = Co(r) - tr[1] = 3 3, (17.6) 
where we have used Eq. (15.97) to evaluate C2(r) for the fundamental rep- 


resentation of SU(3). The factor of 3 is the same color sum that appears in 
Eq. (17.4). Thus we can obtain the correct formulae for QCD from those of 
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the Final Project by making the replacement. 


go 39 or Qg > Os, (17.7) 


where 2 

BE 

— An 

is the strong-interaction analogue of the fine-structure constant. 
The end result of the Final Project of Part I was a formula for the total 

cross section to produce hadrons in ete~ annihilation. If we replace ag with 

(4/3)as, that result becomes 


a(e*e~ — hadrons) = oo - o2 Q3) . £ + = + O(03)]. (17.9) 
f 


Qs 


(17.8) 


This is actually the sum of the rates for two elementary processes, ete” — qq 
(including the correction from the third diagram of Fig. 17.2(b)) and ete — 
qqg. Although the rate for each of these processes is divergent as the gluon 
mass is taken to zero, that divergence cancels when they are combined. This 
is another example of the phenomenon of infrared divergence cancellations 
that we studied for the example of electron scattering in Sections 6.4 and 6.5. 
There we showed that the dressing of the final state by the emission of soft 
and collinear photons does not affect the overall scattering rate. Here, we see 
again that infrared divergences cancel in the total rate, although the sum over 
real and virtual gluon corrections leaves over a simple numerical correction. 

It is not difficult to understand the cancellation of infrared logarithms 
intuitively. The original process ete~ — qq is extremely rapid: Since the vir- 
tual photon is off-shell by an amount q? = s, the quarks are created in a time 
1/./s. However, the emission of collinear gluons, and the virtual corrections 
associated with the exchange of soft gluons, occur over a much longer time 
scale. In the diagrams with gluon emission, the virtual quark or antiquark is 
off-mass-shell by an amount p g where pi, is the transverse momentum of 
the gluon relative to the gg system. Thus this virtual state survives for a time 
1/p1, before it decays. Such a slow process cannot affect the probability that 
a qq pair was produced; it can only affect the properties of the final state into 
which the gg system will evolve. By this logic, the only perturbative correc- 
tions that can affect the total cross section are those for which pig ~ v/s. 
Another way to express this conclusion would be to argue that, after contri- 
butions from the infrared-sensitive regions have canceled, the contributions 
that remain come from the region of large real or virtual gluon momenta. By 
either argument, formula (17.9) should be a meaningful prediction of QCD 
perturbation theory, even though it involves an integral over the region of soft 
gluon emission. 
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The Running of a, 


Formula (17.9) depends on the QCD coupling constant a;, which must be 
defined at some renormalization point M. This is in contrast to the QED 
coupling constant, which we defined in a natural way by on-shell renormaliza- 
tion. In QCD, we would like to avoid discussing on-shell quarks, since these 
are strongly interacting particles that are significantly affected by nonpertur- 
bative forces. The use of an arbitrary renormalization point M allows us to 
avoid this problem. We will define a, by renormalization conditions imposed 
at a large momentum scale M where the coupling is small; this value of a, 
can then be used to predict the results of scattering processes with any large 
momentum transfer. 

However, the use of renormalization at a scale M in a computation involv- 
ing momentum invariants of order P? involves some subtlety when P? and 
M? are very different. In our discussion of Section 12.3, we saw that, in this 
circumstance, Feynman diagrams with n loops typically contain correction 
terms proportional to (a; log(P?/M7?))". Fortunately, we can absorb these 
corrections into the lowest-order terms by using the renormalization group to 
replace the fixed renormalized coupling with a running coupling constant. 

To illustrate how this analysis applies to QCD, let us examine the impli- 
cations of the Callan-Symanzik equation for the ete annihilation total cross 
section g, viewed as a function of s, a renormalization scale M, and the value 
of a, at the renormalization scale. Like the QED potential (12.87), the ete 
total cross section is an observable quantity and so its normalization is inde- 
pendent of any conventions. It therefore obeys a Callan-Symanzik equation 
with y = 0: 


[Moe + 3.0) 5 Jot M,a,) = 0. (17.10) 


By dimensional analysis, we can write 


Ca, 8 

o= ÊF faas), (17.11) 
were c is a dimensionless constant. Then the Callan-Symanzik equation implies 
that f depends on its arguments only through the running coupling constant 
a.(Q) = 97/47, evaluated at Q? = s. The coupling constant g is defined to 
satisfy the renormalization group equation 


_ a 
dlog(Q/M) 


with initial condition a,(M/) = as. For QCD with three colors and ny ap- 
proximately massless quarks, the 8 function is given by Eq. (16.135): 


3 = 89), (17.12) 


2 
Bg) =- with bo = 11 — gny. (17.13) 
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Then the solution of the renormalization group equation is 


(Q) = 
Os = . 

1+ (boas/27) log(Q/M) 
The explicit dependence of o on as can be found by matching the succes- 
sive terms in the expansion of f(a,(./s)) to the terms in the perturbative 


expansion. To the order of the first corrections, we find simply 


o = og- BEB) . [1+ as(v8) + +0(02(V3))]. (17.15) 
f 


(17.14) 


T 


Thus the Callan-Symanzik equation instructs us to replace the fixed renor- 
malized coupling a, with the running coupling constant a,(Q), evaluated at 
Q? =s. 

Because the fixed coupling a, depends on the arbitrary renormalization 
point M, it is sometimes useful to remove it from our formulae completely. 
To do this, we define a mass scale conventionally called A (not to be confused 
with an ultraviolet cutoff!) satisfying 


1 = g°(bo/87°) log(M/A). (17.16) 
Then Eq. (17.14) can be rearranged into the form 
27 
as(Q?) = ——_.. 17.17 
(00) Folog(Q7A) (1717) 


This formula is the clearest expression of the statement that as(Q) becomes 
small as (log(Q))~' for large Q. The momentum scale A is the scale at which 
a, becomes strong as Q? is decreased. 

Experimental measurements of the rate of this reaction and others yield 
a value of A = 200 MeV. QCD perturbation theory is valid only when Q is 
somewhat larger than this, say above Q = 1 GeV, where as(Q) ~ 0.4. The 
strong interactions become strong at distances larger than ~1/A, which is 
roughly the size of the light hadrons. 

Although the example of the ete~ annihilation cross section is especially 
simple, since it depends on only one momentum invariant, similar conclusions 
carry over to other QCD predictions. In analyzing strong-interaction processes 
that are sensitive to the quark and gluon substructure, we will find leading- 
order formulae for the reaction cross sections that depend on the renormalized 
coupling as. To make these expressions satisfy the Callan-Symanzik equation, 
we must replace this fixed coupling with the running coupling constant as(Q), 
evaluated with Q of the order of the momentum invariants of the reaction. 
Since the running coupling constant depends only logarithmically on Q, we 
need not worry about choosing Q precisely. If we guess the proper scale in- 
correctly by a factor of 2, this induces an error in as(Q) that is of order 
(log(Q))~? ~ a2(Q). Conversely, this ambiguity would be resolved by com- 
puting to the next order in ag. 
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Before concluding this formal treatment of the e+e~ annihilation cross 
section, we should add one qualification. At the beginning of Section 12.2, 
we remarked that renormalization group predictions can be complicated by 
the appearance of physical thresholds and their associated singularities, and 
so we stated these predictions only for when the relevant momentum invari- 
ant P? was large and spacelike. In the present chapter, we will be concerned 
with cross sections for quark and gluon reactions, evaluated on-shell. This in- 
troduces additional complications of principle. For example, in order to apply 
the Callan-Symanzik equation to o(s), we needed to know that this quantity 
contains no infrared divergences whose regulator might provide another di- 
mensionful parameter. Throughout this chapter we will assume that similiar 
cancellations of divergences associated with soft and collinear gluons occur 
in the processes of interest to us. The complete proof of these cancellations 
in QCD can be carried through, but it is rather technical.* In some cases, 
an alternative point of view is possible; one can justify the use of the renor- 
malization group to analyze an on-shell amplitude by relating it to Green’s 
functions evaluated in the spacelike region. This method of analysis, which 
_ brings its own insights, will be the main subject of Chapter 18. 


Gluon Emission and Jet Production 


A second result of the Final Project of Part I was a formula for the differential 
cross section for gg production with gluon emission. Transcribing this formula 
to QCD using (17.7) gives the following result: Let x1, x2, x3 be the ratios of 
the quark, antiquark, and gluon energies to the electron beam energy. These 
satisfy 0 < x; < 1 and z1 +£2+73 = 2. Then the cross section for e*e~ — gag 
is given by 


do + — 20s x? +r? 
: = . 17.18 
da daz É € > qğg) TQ: (3 Do) S (1 = z1)(1 — £2) ( ) 


This cross section is singular as x1 or x2 approaches 1. The limit zı — 1 
corresponds to configurations in which the quark has the maximum possible 
energy, while the antiquark and the gluon go off in the opposite direction, 
sharing the remaining energy. Then the antiquark and gluon have almost 
collinear lightlike momentum vectors and so form a system of very small 
invariant mass. Similarly, the limit zz — 1 corresponds to configurations in 
which the quark and gluon are collinear. These singularities are responsible for 
the divergence of the integrated cross section in the limit of vanishing gluon 
mass. 

How should we interpret these singularities? In our general treatment 
of bremsstrahlung in Section 6.1, we saw that the emission of a photon by 


*For a review of the theorems justifying the formulae of perturbative QCD, see 
J. C. Collins and D. E. Soper, Ann. Rev. Nucl. Sci. 37, 383 (1987). 


554 Chapter 17 Quantum Chromodynamics 


a scattered electron is enhanced, for collinear radiation, by a factor of or- 
der log(g?/m?), where m is the mass of the electron. Thus the total rate for 
emitting a collinear photon formally diverges in the limit of zero mass. The 
same conclusion holds for the emission of gluons by quarks. A divergence that 
appears for collinear emissions in the limit of zero mass is called a mass singu- 
larity. In QED, we saw that the mass singularity signals a real physical effect 
of strong collinear radiation when q? is large. In QCD, we might expect strong 
gluon radiation in this limit, but we must think carefully about how this ra- 
diation appears experimentally. Whether a collinear gluon is radiated or not, 
the quark and antiquark emerging from the reaction will undergo further soft 
interactions with the other products. These processes must continue, produc- 
ing quark-antiquark pairs and emitting and absorbing gluons, until all colored 
particles are collected into color-singlet hadrons. Thus the presence of one or 
more collinear gluons will have no noticeable effect on the final state, which 
consists of two back-to-back jets of hadrons. For this reason, formula (17.18) 
is of no use when the gluon transverse momentum is less than the typical scale 
of soft gluon interactions, roughly 1 GeV. 

When the gluon is emitted with substantial transverse momentum with 
respect to the gq axis, however, it is not possible for subsequent soft exchanges 
to recall or reverse this transverse momentum. In this case, the qĝg system 
evolves into a system of three distinct jets of hadrons. Thus, sufficiently far 
from the collinear regions, we can interpret Eq. (17.18) as the cross section 
for producing events with three hadronic jets having energies x1, £2, x3 times 
the electron beam energy. 

By an analysis similar to that given above for the total cross section, we 
can improve Eq. (17.18) by replacing the fixed coupling constant a, with a 
running a,(Q). A reasonable choice for Q is the transverse momentum of the 
gluon, plg, described below Eq. (17.9). If this transverse momentum is too 
small, however, a,(Q) will be large, and our leading-order formula will break 
down. This is a second reason why we cannot use formula (17.18) when the 
transverse momentum of the gluon is less than about 1 GeV. 

On the other hand, when the gluon transverse momentum is much larger 
than 1 GeV, there is no reason to distrust QCD perturbation theory. Soft pro- 
cesses cannot disturb the three-jet nature of the hadronic state, and asymp- 
totic freedom insures that the coupling constant is small, so that the leading 
order of perturbation theory will be a good approximation. 

The three-jet cross section (17.18) is a good example of the type of pre- 
diction that one obtains from the use of perturbation theory in QCD. We 
describe a strong-interaction process by the invariant momentum transfer Q 
it gives to hadronic constituents. QCD perturbation theory makes predictions 
about the flow of energy and momentum in such a reaction into the final sys- 
tem of jets of hadrons. If Q is small, perturbation theory is invalid, and we 
obtain no useful prediction. However, if Q is large, the asymptotic freedom 
of QCD implies that Feynman diagrams for quarks and gluons will correctly 
predict the behavior of the final system of hadronic jets. 
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Figure 17.3. Deep inelastic scattering in QCD. The diagram shows the flow 
of momentum when a high-energy electron scatters from a quark taken from 
the wavefunction of the proton. 


17.3 Deep Inelastic Scattering 


After ete~ annihilation into hadrons, the next simplest reaction involving 
strongly interacting particles is electron scattering from a proton, or from 
some other hadron. At the most elementary level, this reaction can be viewed 
as the electromagnetic scattering of an electron from a quark inside the pro- 
ton.’ A way to visualize the process is shown in Fig. 17.3. Call the proton 
momentum P, and the initial quark momentum p. Call the initial and final 
momenta of the electron k and K’. If the final electron momentum is measured, 
one can deduce the momentum q = k—k’ transferred by the virtual photon to 
the hadronic system. The vector q is spacelike, and one conventionally writes 
g=-Q’. 

If the invariant momentum transfer Q? is large, the quark is ejected from 
the proton in a manner that cannot be balanced by subsequent soft processes. 
These soft processes will, however, create gluons and quark-antiquark pairs 
that eventually neutralize the color and cause the struck quark to materialize 
as a jet of hadrons in the direction of the momentum transfer from the elec- 
tron. Typically the total invariant mass of the final hadronic system is large, 
since the struck quark carries a large momentum with respect to the other 
“spectator” quarks. In this case, the process is referred to as deep inelastic 
scattering. 

To derive a first approximation to the cross section for electron-proton 
scattering, we consider this reaction from a frame in which the electron and 
proton are moving rapidly toward each other, for example, the electron- 
proton center-of-mass frame. We assume that the center-of-mass energy is 
large enough that we can ignore the proton mass in working out the kine- 
matics. Then the proton has an almost lightlike momentum along the colli- 
sion axis. The constituents of the proton also have lightlike momenta, which 


tThe electron could just as well be a muon; all the same formulae apply in this 
case. Leptons can also scatter from quarks via the neutral-current weak interaction, 
as we will see in Chapter 20. 
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are almost collinear with the momentum of the proton. This is because a 
constituent cannot acquire a large transverse momentum except through ex- 
change of a hard gluon, a process that is suppressed by the smallness of a, at 
large momentum scales. Thus, to leading order in QCD perturbation theory, 
we can write 


p= &P, (17.19) 


where € is a number between 0 and 1, called the longitudinal fraction of 
the constituent. To leading order in a, we can also ignore gluon emission or 
exchanges during the collision process. The cross section for electron-proton 
scattering is then given by the cross section for electron-quark scattering at 
given longitudinal fraction £, multiplied by the probability that the proton 
contains a quark at that value of €, integrated over £. 

But the probability that the proton contains a certain constituent with 
a certain momentum fraction cannot be computed using QCD perturbation 
theory, since it depends on the soft processes that determine the structure of 
the proton as a bound state of quarks and gluons. We will therefore consider 
this probability to be an unknown function, to be determined from experi- 
ment. Eventually, we will need to make use of such a probability function for 
each species of quark, antiquark, and gluon that can be found in the wave- 
function of the proton. Collectively, these constituents are called partons. For 
each parton species f, we write the probability of finding a constituent of the 


proton of type f at longitudinal fraction £ as 
probability of finding constituent f 
with longitudinal fraction £ 


) = fr (€)d€. (17.20) 


The functions f;(€) are called the parton distribution functions. Using this 
notation, the cross section for electron-proton inelastic scattering is given to 
leading order in a, by the expression 


a(e(k)p(P) — e7 (k) + X) 
= f dE Y F E) o (e7 (hay (EP) > e~ (k') + ay). 
f 


0 


(17.21) 


where X stands for any hadronic final state. The sum in (17.21) contains 
contributions from constituent antiquarks as well as constituent quarks. 

Equation (17.21) is equivalent to the formula (14.8) that we constructed 
for this reaction in Chapter 14. Now we see that this formula is justified by 
the smallness of the QCD coupling constant at large momentum scales. It 
is important to remember, however, that (17.21) is not the complete pre- 
diction of QCD, but only the first term of an expansion in ag; this level of 
approximation is called the parton model. The higher-order QCD corrections 
to Eq. (17.21) will involve modifications both to the electron-quark scattering 
cross section and to the parton distribution functions. The most important of 
these corrections are discussed in Section 17.5. 
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In the same way, all other reactions of the proton that involve large mo- 
mentum transfer also have parton model descriptions. In QCD, all of these 
reaction cross sections are computed from scattering amplitudes for quarks 
and gluons. The initial motion of the partons for any process is described 
by the same parton distribution functions f;(€) that appear in deep inelastic 
scattering. 

Let us now work out the explicit leading-order formula for the deep inelas- 
tic scattering cross section, reviewing the analysis in Chapter 14. In Eq. (14.3), 
we wrote the leading-order differential cross section for the parton-level pro- 
cess, 


d 2ra?Q? [8 4.0? 
Z (eq > e7 Ni | te, (17.22) 
t2 
In general, we will use the symbols &, Ê, û to denote the Mandelstam variables 
for two-body scattering processes at the parton level. These variables must 
be related to observable properties of the hadronic system or the scattered 


electron. For massless initial and final particles, 
8+t+a=0. 
In the case of deep inelastic scattering, 
i= -Q 
and 
8 = 2p: k = 2P - k = £s. 


Thus the cross section for deep inelastic scattering at fixed Q? is given by 


i fegn Da + 0-2] (és -Q?). (17.23) 


The final factor expresses the kinematic constraint § > ||. Expression (17.23) 
should be an accurate first approximation to the deep inelastic scattering cross 
section when Q? is large. In that case, the corrections to this formula from 
hard gluon emissions and exchanges will be of order a.(Q?). 

We also showed in Chapter 14 that the measurement of the scattered 
electron momentum k’ and thus the momentum transfer g uniquely determines 
an allowed value of € for elastic electron-quark scattering. This value is given 
by Eq. (14.7): 


E=, where r= . (17.24) 


When (17.23) is expressed as a doubly differential cross section in æ and Q?, 
it becomes the simple product of a parton-level cross section and a sum of 
parton distribution functions evaluated at € = x. In the literature, the symbol 
x is often used interchangably with €, and we will follow this practice from 
here on. 
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It is especially convenient to represent the cross section in terms of di- 
mensionless combinations of kinematic variables. One of these should be x; a 
good choice for the other is 


_2P-q 2P-q 
Y=S3P ks (17.25) 
In the frame in which the proton is at rest, 
0 
q 


that is, y is the fraction of the incident electron’s energy that is transferred 
to the hadronic system. On the other hand, since p = £P, we can evaluate y 
in terms of parton variables: 
2p- (k-k)  &+% 
= = 17.27 
y Sp k pO (17.27) 


so that 


w| &> 


=-(1-y). (17.28) 


From Eq. (17.26) or (17.28), we see that y < 1. The kinematically allowed 
region in the (x,y) plane is thus 


0<2<1, O<y<l. 


To express Eq. (17.23) in terms of x and y, we need the formula 


Q? = zys, (17.29) 
which follows from Eqs. (17.24) and (17.25), and the change of variables 
2 
dé dQ? = dx dQ? = ae ae dy = xs dz dy. 
y 


Then the differential cross section becomes 


do (e-p > e~X) © PG) 2 i- 2]. (17.30) 
dudy p = dita 1) Os y)|- . 


The factor 1/Q* comes from the square of the virtual photon propagator. 
Once this factor is removed, the dependence on x and y completely factor- 
izes. Each half of this relation contains physical information. The fact that 
the parton distributions f(a) depend only on x and are independent of Q? 
is the statement of Bjorken scaling. This tells us that the initial distribution 
of partons is independent of the details of the hard scattering. The y depen- 
dence of the cross section comes from the underlying parton cross section. 
In Chapter 5, we saw that the elementary QED cross sections, viewed in the 
high-energy limit, reflect the helicities of the interacting particles. The behav- 
ior [1+ (1—y)?] in (17.30) is known as the Callan-Gross relation; it is specific 
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to the scattering of electrons from massless fermions. This relation gave evi- 
dence that the partons involved in deep inelastic scattering were fermions, at 
a time when the relation between partons and quarks was still unclear. 


Deep Inelastic Neutrino Scattering 


Because the sum over quark flavors factorizes in Eq. (17.30), one cannot de- 
termine the individual parton distribution functions f s(x) from electron scat- 
tering experiments alone. One can, however, obtain more detailed information 
on the structure of the proton through deep inelastic neutrino scattering. 

Neutrinos have zero electric charge and so do not interact by photon ex- 
change, but they do interact with quarks through weak interactions. We will 
discuss the weak interactions in detail in Chapter 20; for the moment, let 
us adopt a simplified description that concentrates on the elementary pro- 
cess shown in Fig. 17.4. In this process, a neutrino converts to the associated 
charged lepton,t exchanging a virtual massive vector boson, the Wt. This 
boson couples to a quark current that converts a d quark to a u quark. The 
effect of this exchange process is to provide a different, but completely char- 
acterized, method for injecting a hard momentum transfer q. The amplitude 
for this process is described by the effective Lagrangian 


2 1 j- 1—3” 1—7" 
AL = s = le*( > )o| [en ( =" Jal +h, (17.31) 
where £, v, d, u are the fermion fields associated with the charged lepton, 
the neutrino, and the d and u quarks, and g is the weak interaction coupling 
constant. The factor 1/m%, comes from the W boson propagator, considered 
in the limit q? < miy. The first two factors are often written in terms of the 
Fermi constant Gr, defined as 

Gr g? 

A Bm, (17.32) 
This constant gives the strength of the weak interactions at energies much less 
than mw. The crucial property of the weak interactions, shown explicitly in 
(17.31), is that the W boson couples only to the left-handed helicity states of 
relativistic fermions. The deeper significance of this property will be discussed 
in Chapter 20. 

For technical reasons, it is easiest to do neutrino deep inelastic scattering 
using muon neutrinos, which convert to muons after emitting a W boson. It is 
equally feasible to scatter muon antineutrinos from nuclear targets, and, as we 
will see, it is interesting to compare the effects of neutrinos and antineutrinos. 
Since the proton contains a small admixture of the heavier quarks s, c, these 
also give small contributions to neutrino deep inelastic scattering. However, 
we will ignore these contributions in our discussion. 


t There is also a neutral-current weak interaction in which the neutrino remains a 
neutrino; see Problem 20.4. 
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Figure 17.4. The elementary neutrino scattering process mediated by the 
weak interaction. 


The cross section for neutrino deep inelastic scattering is given by a for- 
mula analogous to (17.21), with the photon-exchange cross section replaced 
by one resulting from W exchange. It is straightforward to work out this cross 
section directly. However, we can also obtain the result from Eq. (17.22), if 
we look back to Chapter 5 and recall how the structure of this equation arises 
from the various helicity contributions. In (17.22), the factor f? in the denom- 
inator came from the photon propagator; this factor is replaced by m}, in the 
weak interaction case. The factor [8? + ù?] came from the Dirac matrix alge- 
bra. We saw in Section 5.2 that the first term is the contribution of left-handed 
electrons scattering from left-handed fermions or right-handed electrons scat- 
tering from right-handed fermions, and that the second term arises from the 
other helicity combinations. For the case of neutrino-quark scattering, the 
interaction (17.31) allows only the scattering of left-handed neutrinos from 
left-handed quarks, so only the 8? term appears. To determine the overall 
normalization of the cross section, we note that, since the neutrinos are pro- 
duced in weak interactions, they always have left-handed polarization, so no 
polarization average should be done. On the other hand, we must still average 
over the polarization of the initial quark. In all, we find 


do _ ngt 8? G? 
- (vd = = . 17. 
dt (vd p u) 2(47)? 8? H T (17.33) 


It is easy to check this formula by explicit computation starting from (17.31). 

The cross section for the scattering of antineutrinos from quarks can be 
worked out in the same way. Note that this reaction involves the exchange 
of a W~, and so converts u quarks to d quarks. However, the u quarks must 
still be left-handed. The only modification from the previous paragraph comes 
in the fact that the antineutrinos that couple to the interaction (17.31) are 
right-handed, so the cross section comes from the term in (17.22) proportional 
to a: 


do ngs | Q? | = CR yy? (17.34) 


tq) = 
= (Vu d = 
dt ( > Hd) 2(47)?8? | miy T 
Again, it is easy to verify this formula directly. The cross section for neutrino- 


antiquark scattering, converting a u into a d, is also given by Eq. (17.34), 
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Figure 17.5. The distribution in y of neutrino and anti-neutrino deep in- 
elastic scattering from an iron target, as measured by the CDHS experiment, 
J. G. H. de Groot, et. al., Z. Phys. C1, 143 (1979). The solid curves are fits 
to the form A+ B(1-y)?. 


while the cross section for antineutrino-antiquark scattering, converting a d 
into a u, is given by Eq. (17.33). 

To convert these parton-level cross sections to physical cross sections, 
we combine them with the parton distribution functions. The kinematics is 
exactly the same as in the case of electron scattering. Thus, following the 
arguments that led to Eq. (17.30), we obtain the expressions 


do G2s 

Tad UP > U X) = |v fala) + fala) (1 y)’], 

ee Os (17.35) 
(Dp > pt X) = = [z ful) (1 — y)? + xfz(x)]. 


According to these relations, deep inelastic neutrino scattering allows one 
to map separately the parton distribution functions for u and d quarks and 
antiquarks in the proton. 

In addition, Eq. (17.35) makes a dramatic qualitative prediction: To the 
extent that a proton (or neutron) is made of quarks with very few addi- 
tional quark-antiquark pairs, the deep inelastic neutrino scattering cross sec- 
tion should be constant in y, while the antineutrino scattering cross section 
should fall off as (1 — y)?. The measured y dependence of these deep inelas- 
tic cross sections is shown in Fig. 17.5. The qualitative behavior predicted by 
the parton description is clearly evident; the discrepancy from the strict pre- 
diction can be accounted for by a small antiquark component in the nucleon 
wavefunction. 
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The Parton Distribution Functions 


Given that the parton model predictions for electron and neutrino deep inelas- 
tic scattering do fit the data, one can make use of these relations to extract 
the parton distribution functions and so learn something about the structure 
of the proton.* A set of distribution functions, chosen to fit all available data, 
is shown in Fig. 17.6. Since all of these distributions, especially those for anti- 
quarks, peak sharply at small x, we have plotted xf;(a) for each species. As 
we remarked in Chapter 14, a small violation of Bjorken scaling is observed 
experimentally, so that these distribution functions change slowly with Q?. 
The figure shows these functions at Q? = 4 GeV?. We will see in Section 17.5 
that this violation of Bjorken scaling is an effect of higher-order corrections 
in QCD; we will also argue that the measurement of this scaling violation 
allows one to determine the parton distribution function for gluons, f(x). 
Anticipating this result, we have also plotted this function in the figure. Not 
surprisingly, one finds that the u and d quarks are most likely to carry a sub- 
stantial fraction of the proton’s momentum, while antiquarks and gluons tend 
to have small longitudinal fractions. 

Since the parton distributions are the probabilities of finding various pro- 
ton constituents, they must be normalized in a way that reflects the quantum 
numbers of the proton. The proton is a bound state of uud, plus some ad- 
mixture of quark-antiquark pairs. Thus it should contain an excess of two u 
quarks and one d quark over the corresponding antiquarks. These considera- 
tions imply the constraints 


1 1 


fo [fulx) — fa(x)] = 2, folte) — fa(a)| = 1. (17.36) 
0 0 


So far we have discussed the parton distributions only for the proton. 
Similar considerations, however, apply to any other hadron. Each hadron has 
its own set of parton distribution functions; these obey sum rules analogous 
to (17.36) but reflecting the particular quantum numbers of the hadron. The 
parton distribution functions should also reflect the symmetries that link dif- 
ferent hadrons. For example, since the neutron can be generated, to a few 
percent accuracy, by interchanging the role of u and d quarks in the proton, 
its distribution functions obey 


F(t) = fale), Ja) = falz) fale) = fa ete. (17.37) 


In these equations, and henceforth, a distribution function without a special 
label refers to the proton. The parton distribution functions of the antiproton 
are given by the exact relations 


Jæ) = fale), JEE) = fala), ete. (17.38) 


*A detailed discussion of the extraction of parton distribution functions from data 
can be found in G. Sterman, et. al., Rev. Mod. Phys. 67, 157 (1995). 
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Figure 17.6. Parton distribution functions æ fp(x) for quarks, antiquarks, 
and gluons in the proton, at Q? = 4 GeV”. These distributions are obtained 
from a fit to deep inelastic scattering data performed by the CTEQ collabora- 
tion (CTEQ2L), described in J. Botts, et. al., Phys. Lett. B304, 159 (1993). 


In any case, the total amount of momentum carried by the partons must 
sum to the total momentum of the hadron. This implies 


1 
[etx [falo) + fale) + Fala) + fala) + fyl2)] = 1 (17.39) 
0 


The distribution functions of quarks and antiquarks in the proton, as extracted 
from deep inelastic scattering data, contribute only about half of the total 
value required for this integral. The remaining energy-momentum must be 
carried by the gluons. 


17.4 Hard-Scattering Processes in Hadron Collisions 


If one collides hadrons with other hadrons at very high energy, most of the 
collisions will involve only soft interactions of the consituent quarks and glu- 
ons. Such interactions cannot be treated using perturbative QCD, because 
a, is large when the momentum transfer is small. In some collisions, how- 
ever, two quarks or gluons will exchange a large momentum p; perpendicular 
to the collision axis. Then, as in deep inelastic scattering, the elementary in- 
teraction takes place very rapidly compared to the internal time scale of the 
hadron wavefunctions, so the lowest-order QCD prediction should accurately 
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describe the process. Again, we should find a parton-model formula that is 
built from a leading-order subprocess cross section, integrated with parton 
distribution functions. For the case of proton-proton scattering, these func- 
tions will be the same ones that are measured in lepton-proton deep inelastic 
scattering. 

For example, if the hard parton-level process involves quark-antiquark 
scattering into a final state Y, the leading-order QCD prediction takes the 
form 


o(p(P,) + p(P2) >Y +X) 
(17.40) 


aI = 


1 
day | dea Y fpr) fy(22) -o(ap(01P) + Gy(22P) > Y), 
0 f 


where the sum runs over all species of quarks and antiquarks—vw, d, ti, d,.... 
(Here again, X denotes any hadronic final state.) The same formula, with 
appropriately modified distribution functions, applies to any other hadron- 
hadron collision. This formula will be a good first approximation if, by some 
invariant measure, a large momentum is transfered in the gg reaction. In this 
section we will discuss several examples of processes of this type. 


Lepton Pair Production 


The simplest example to analyze is the reaction in which a high-mass lepton 
pair £+€— emerges from g@ annihilation in a proton-proton collision. This 
reaction, called the Drell- Yan process, is illustrated in Fig. 17.7. In this case, 
the underlying gg reaction is described by an elementary QED cross section. 
To the leading order in QCD, the cross section that we require, o(qg > ere), 
is simply related to the cross section o(ete~ — qq) given in (17.4). The only 
difference between the two calculations is that we must average rather than 
sum over the color orientations of the quark and antiquark. This gives two 
extra factors of 1/3. Thus, 


4ra? 


a Al 
38 (17.41) 


_ _ 1 
olasas > CC) = EQ} 
If both final-state lepton momenta are observed, it is possible to recon- 
struct the total 44momentum q of the virtual photon. It is also possible to 
determine the longitudinal fractions of the initial quark and antiquark, as we 
will now show. Let 


M =g (17.42) 


be the square of the invariant mass of the Drell-Yan pair. (Do not confuse 
this quantity M with the renormalization scale.) If the initial partons have 
small transverse momentum, the transverse momentum of the virtual photon 
will also be small. Its longitudinal momentum, however, will in general be 
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Figure 17.7. The Drell-Yan process: pp —> t4- + anything. 


substantial. We parametrize this using the rapidity, Y, of the virtual photon, 
as defined in Eq. (3.48): 
q° = M cosh Y, (17.43) 


where q? is measured in the pp center of mass frame. We will express the 
longitudinal fractions of the quarks, and hence the Drell-Yan cross section, in 
terms of the observables M? and Y. 

In the pp center of mass frame, the proton momenta take the explicit 
forms 

P, = (E,0,0, E), P = (E,0,0,-E), 

where E satisfies s = 4Ẹ?. Ignoring their small transverse momenta, we can 
write the constituent quark and antiquark momenta as zı and x2 times these 
vectors, so that 


q = 21P, + ©2P2 = ((£1+22)E, 0,0, (£1—£2)E). (17.44) 
By computing the invariant square of this vector we find 
M? = x1 298. (17.45) 
Similarly, comparing (17.43) with (17.44), we find 


Li + 22 1 [£i [T2 
hY = = 
COS 2/2129 1 T2 + Tı ). 
expY =,/—. (17.46) 
T2 


These equations can be inverted to determine zı and x9: 


M M 
Tae rg =—e*. (17.47) 


Relations (17.45) and (17.46) let us convert the integral in Eq. (17.40) into 
an integral over the parameters M?, Y of the produced leptons. The Jacobian 
of the change of variables is 

(M2, Y) T28 £18 M? 


S$ > = Ss = . 
O(x1, £2) 1/221 —1/2x2 T1T2 


which implies 


w= 
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The cross section for lepton pair production is therefore 


do + 4ra? 
diay P? © e +X)= Soi file) rafle): 1 327 ZMT’ (17.48) 


where zı and z2 are given by Eq. (17.47). It is remarkable that the cross 
section for the Drell-Yan process is determined point by point by information 
derivable from deep inelastic scattering. Unfortunately, the relation between 
the two processes implied by (17.48) receives a correction of order a,(M) that 
turns out to be numerically large, and which must be included to check this 
prediction against experiment. 


General Kinematics of Pair Production 


In deriving Eq. (17.48), we used the total cross section (17.41) for the parton- 
level process, integrated over the angular distribution of the outgoing leptons. 
In principle, we could have retained the angular information and derived a 
triply differential distribution. This would be the most complete prediction 
possible for a two-body parton-level reaction. It will be useful to work out the 
kinematics of such reactions, taking a more general viewpoint. In the generic 
situation, a parton of type 1 from proton 1 scatters from a parton of type 2 
from proton 2, yielding partons of types 3 and 4, with a squared momentum 
transfer f. This generic process is shown in Fig. 17.8. In the Drell-Yan process, 
partons 3 and 4 are leptons. But these partons could also be quarks or gluons, 
which materialize as hadronic jets. We assume that all partons can be treated 
as massless. In parton variables, the cross section for this process is 


Bo 


do 
Iradi P > 844+ X) = fheola) +2344). (17-49) 


Let us now translate this formula to observable parameters of the final state. 

In the leading order of QCD, the transverse momenta of partons 3 and 4 
must be equal and opposite, but their longitudinal momenta are not con- 
strained. We will take the three parameters of the final state to be the com- 
mon magnitude of the parton transverse momenta p; and the longitudinal 
rapidities y3, ya of the final-state partons, defined by the formulae 


E; = p1 cosh y;; Pij = p1 sinh y;. (17.50) 


The longitudinal rapidity y; gives the boost of the particle i from the frame 
where it has zero longitudinal momentum.! Recall from Section 3.3 that ra- 
pidities simply add under collinear boosts. The transverse momentum is in- 
variant under longitudinal boosts. Thus, (y3, y4, p1) is a set of variables with 
convenient Lorentz transformation properties with respect to boosts along the 


İIn the literature on hadron collisions, y; is usually called simply the rapidity, 
with the restriction to longitudinal boosts being understood. 
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Figure 17.8. A generic two-body parton scattering process. 


collision axis. We will now see that these three parameters are related in a 
straightforward way to the underlying variables x, £2, Ê. 

Consider the center of mass frame of the colliding partons. The total 
energy in this frame is V35. Let us use a subscript * to denote other quantities 


measured in this frame, for instance, 6, for the parton scattering angle. Then 

Paja = 4V8c0s6,, Psi» = $v5sin 04, (17.51) 

and p4, is oriented just oppositely. This frame is also the center of mass frame 

of partons 3 and 4, so 

Y3x = Y4 = Yx- (17.52) 

Since rapidities transform by shifts, we can solve for y, and for the rapidity 
Y by which one must boost to reach this frame: 

ys = 3(ys—ys), Y= (ys + ya). (17.53) 


The scattering angle 0, is determined from y, by combining (17.51) with the 
relation E, = p; cosh yx: 


smd. > cosh yx. (17.54) 
Then the Mandelstam variables 
$= A, Ê= —18(1 —cos0,) (17.55) 
can be expressed as 
§ = 4p? cosh? ys, Ê = —2p? cosh y, e”. (17.56) 


We can combine the first of these expressions with (17.47) to determine zı 

and 2x2: 3 

r= Vs cosh y, eY, r= Ta cosh y, eY. (17.57) 
To translate the cross section (17.49) to the final parton observables, we 

need the Jacobian 


2p 


3) Ê 8p? 2p14 
(x1, £2, Ê) _ Sri cosh? y, = pis 


17.58 
O(y3,Y4, PL) 5 8 ( 
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Multiplying Eq. (17.49) by this factor gives 


Bo 2p, 8 do 
= =(1+2 3+ 4). 17.59 
dysdy,dp 1 filz) fo(x2) ; z. +2 — 3+4) ( ) 


This can be simplified a bit using the relations ê = 21228 and pydp, = 
d?p,/27, yielding the final result: 


dto 1 do 


dydyad?p, = £1 fı (£1) £2 f2(x2) z di 


(1+2>4344). (17.60) 


In this formula, z1, £2, and the Mandelstam variables of the parton subprocess 
are given by Eqs. (17.57) and (17.56). 

This result gives us the complete distribution of final-state leptons or jets 
in any two-body reaction of partons. For example, to find the distribution of 
final-state leptons in the Drell-Yan process, we would insert into this formula 
the differential cross section for quark annihilation into leptons, 


do 

=z Ge ete = 
q CHT ) 
The formula can be applied equally well to other two-body parton reactions, 
if we know the relevant parton-level differential cross sections. 


loa 2ra? P+ i? 


Qj: 32 


2 (17.61) 


Jet Pair Production 


The most common two-body parton reactions are those of QCD, involv- 
ing quarks, gluons, or both. Unfortunately, it is very difficult to distinguish 
hadronic jets initiated by gluons from those initiated by quarks. It is even more 
difficult to determine experimentally whether the initial partons in a hard- 
scattering process were quarks or gluons. Thus, the predictions of QCD for 
hard-scattering processes are most often quoted as cross sections for jet pro- 
duction in hadronic collisions, summing over all possible reactions of quarks, 
antiquarks, and gluons. In any event, to derive these predictions, we must 
work out the basic parton-parton cross sections. 

The simple two-body scattering processes of quarks, antiquarks, and glu- 
ons are the elementary processes of QCD perturbation theory, in the same 
sense that the reactions studied in Chapter 5 are the elementary processes of 
QED perturbation theory. They are the basic hadronic hard-scattering reac- 
tions that appear in QCD at the leading order in a,. In the remainder of this 
section, we will write down the cross section formulae for the various possible 
quark and gluon subprocesses. All of these cross sections will be of order a2. 
In practice, this a, should be evaluated at a typical momentum transfer of 
the reaction, for example, at Q? = fÊ. 

The simplest subprocess is the scattering of different species of quarks, 
for example, u +d — u + d. At order a2, this process occurs via the Feyn- 
man diagram shown in Fig. 17.9. This process is analogous to electron-muon 
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u d 
Figure 17.9. Feynman diagram contributing to ud — ud. 
scattering in QED, for which we wrote the cross section in Eq. (17.22): 
do 2ra? | +a? | 


di (e7p > e~p) = z2 7p 


(17.62) 


To convert this to the cross section for quark scattering in QCD, we need only 
replace the QED coupling e? by g? times an SU(3) group theory factor. The 
QCD diagram contains the factor 


(trilt jrg, 
where i, 7’ are the initial and final colors of the u quark and j, j’ are the initial 
and final colors of the d quark. To compute the cross section, we must square 
this factor, sum over final colors, and average over initial colors. This gives 
the factor 


1 , ; - tr(t>e?| tr [ePt?] — [c(r)] 2 sab sab — 


1 1 
3 9 4 
where we have used Eq. (15.78) and C(r) = 1/2 for the fundamental repre- 
sentation of SU(3). Thus for ud scattering, 
dra? [ 8? +a? 
98? | é? | 


Bar, (17.63) 


Ole 


do 
— (ud — ud) = (17.64) 
dt 
The same formula applies for the scattering of any two different quarks, 
or, by crossing, to the scattering of a quark and an antiquark of a different 
species. Crossing from the t to the s channel gives the cross section for qq 
annihilation into a different species: 
do - 4ra2z fi? + 0? 
— (uu > dd) = Z . 
ai 9) = op | 2 


(17.65) 


The scattering of a quark with an antiquark of the same species is more 
complicated, since now there are two Feynman diagrams, shown in Fig. 17.10, 
which interfere with one another. The analogous QED process is Bhabha 
scattering, ete” — ete, for which we worked out the cross section in Prob- 
lem 5.2: 


do Cete s ete”) = 2ra” iG) + Éy + e(t + at (17.66) 


dé 8 
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Figure 17.10. Feynman diagrams contributing to uŭ — ui. 


However, it is not quite straightforward to transcribe this to QCD, because 
different terms receive different color factors. 

This process is most easily analyzed using initial and final states of def- 
inite helicity. For massless fermions, helicity is conserved, so the reaction 
eker > efen can receive a contribution only from the s-channel diagram, 
while ERER > epen can receive a contribution only from the ¢t-channel dia- 
gram. The corresponding cross sections are 


do, +o 4ra? y ÊN2 
Tp EREL T ELER) = 72 (5) , 
2. (17.67) 
do ote eter) ATQ Ey 
= > e = WIS 
dÊ RR RR eG 


The cross section for efe; > eter must vanish. The fourth possible pro- 
cess involving ep receives contributions from both s- and ¢-channel diagrams. 
Computing this contribution explicitly, one finds 


do fro" a(l n? 
— å : 


g CERET —> ețez) = z (17.68) 


t 8 


the cross term in the square is the interference term between the two diagrams. 
The invariance of QED under parity implies that the values of all of these cross 
sections remain identical when all helicities are reversed. It is easy to check 
that the spin-averaged cross section is indeed given by (17.66). 

To convert Eq. (17.66) to a QCD cross section averaged over colors, we 
can assign the color factor (17.63) to the square of any individual diagram. 
However, the cross term between the two diagrams in Fig. 17.10 receives a 
different color factor: 


GY ` (Jiri (t*) 55" : (pult) = E tlle) 


To evaluate this factor, we can make use of Eq. (16.79): 


(17.69) 


tetet = (Co(r) — OG) = ($ 5 -2 


So the color factor (17.69) equals —2/27. 
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Figure 17.11. Feynman diagrams contributing to qq — gg. 


Assembling the color factors and the helicity cross sections, we find the 
following result for the wt scattering cross section: 


do Ara? fs2?+ 02 P40? 20? 
~ (uŭ u) = £ = =|. 17.70 
a (uti > uŭ) 982 | Rp 32 3 4 ( ) 


By crossing between the s and u channels, we find the corresponding cross 
section for uu — uu: 

do, ) 4ra? fa? +8 +8 2% 

- (uu — uu) = = =|. 
t 982 t? a 3 tit 


(17.71) 


The process uu — uu has the same cross section. This completes our catalogue 
of cross sections for the scattering of quarks and antiquarks. 

We turn next to processes that involve both quarks and gluons. We will 
begin with the reaction gg — gg. This is the analogue of the QED annihilation 
of ete” to yy, discussed in Section 5.5. The QED cross section is 

do, 4. 2ra? [à t 
F e >y) = -a | | 


(17.72) 


t u 
Since the photons are identical particles, this expression should be integrated 
over only half of the 4r solid angle. 

The QCD reaction is considerably more complicated. As we saw in Sec- 
tion 16.1, this process receives contributions from three Feynman diagrams, 
shown in Fig. 17.11. These contributions must be summed over the transverse 
polarization states of the gluons. If one chooses instead to evaluate the sum 
over gluon polarizations by the replacement 


Kore” = =g”, (17.73) 


€ 


we saw in Section 16.3 that one must also include the (negative) cross section 
for gq annihilation to a ghost-antighost pair. 

The leading behavior of the qq — gg cross section as É or & — 0 is not so 
hard to evaluate. In either case, only the single diagram with the corresponding 
kinematic singularity contributes. The color factor associated with the square 
of either of these diagrams is the square of 


(Jiz) je, 
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Po PO 


Figure 17.12. Feynman diagrams contributing to gg — gg. 


summed over the gluon colors a, b and averaged over the q and @ colors 4, k. 

This gives 

2 16 
27 

Thus the most singular terms are given by the QED result, with a replaced 

by as, multiplied by 16/27. The complete evaluation of the cross section is 

left for Problem 17.3; the result is 


do 32nra2 Ta ê 9/Ë+8? 
—= g = £ x . 1 . 5 
pa 99) 3 | +5 ( 3 ) (17.75) 


The cross sections for the remaining quark-gluon processes can be ob- 
tained from this result by crossing. The result for the inverse reaction gg > qq 
involves the same squared matrix element as (17.75); the only difference is 
that we average over gluon rather than quark colors, giving a relative factor 
of (3/8). Thus, 


(5) - trte ttt] = ` - 3(Co(r)) (17.74) 


do Ta? É 


goo 7 WD = (*)]. (17.76) 


Ê 
ê @ 4 §? 
For the reaction qg — qg, cross the s and t channels in Eq. (17.75) and 
multiply by 3/8 since there is one gluon color average. This gives 


(17.77) 


The cross section for gg — qq is identical. 

The final elementary process of QCD is gluon-gluon scattering. This has 

no QED analogue, and is rather tedious to evaluate. There are four leading- 

order diagrams, shown in Fig. 17.12. We discuss this process also in Prob- 
lem 17.3. The final result for the spin- and color-averaged cross section is 

do 9ra? fà sa af 

ai 99 ~ 99) ga Sa p 


. 17.78 
ti? ( ) 

The various parton cross sections listed in this section can be combined 
with the parton distribution functions to predict the cross section for jet pro- 
duction in hadron-hadron collisions. As an example, we show in Fig. 17.13 a 
comparison of the invariant mass (8) distribution predicted for parton-parton 
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Figure 17.13. Two-jet invariant mass distribution in pp collisions at Ecm = 
1.8 TeV, as measured by the CDF collaboration, F. Abe, et. al., Phys. Rev. 
D48, 998 (1993). The measurement is compared to a leading-order QCD 
calculation using the CTEQ structure functions described in Fig. 17.6. The 
three lower curves show the invariant mass distributions for the three compo- 
nents of the theoretical prediction: quark-quark (and antiquark) scattering, 
quark-gluon scattering, and gluon-gluon scattering. 


scattering with the invariant mass distribution of two-jet events observed in 
high-energy pp collisions. The overall normalization of the theoretical predic- 
tion is uncertain by about a factor of 2 due to the ambiguity of the choice 
of Q? used to evaluate a,(Q) in the parton cross sections, and due to simi- 
lar ambiguities in deriving parton distributions from deep inelastic scattering 
cross sections. This uncertainty is reduced to about 30% when corrections of 
order as are included. Still, it is remarkable that the lowest-order QCD pre- 
diction tracks the observed distribution as a function of the two-jet invariant 
mass as it fails by six orders of magnitude. Thus, for the jet production cross 
section, as for hard processes involving leptons, QCD indeed gives a reason- 
able description of the behavior of the strong interactions at large momentum 
transfer. 
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17.5 Parton Evolution 


Now that we have examined the predictions of QCD at the leading order for 
several strong interaction processes, we should investigate the corrections to 
these predictions at the next order in a,. We saw in Section 17.2 that the 
corrections from individual diagrams may contain mass singularities, singu- 
larities associated with collinear emission processes which appear in the limit 
of zero mass. For the process of ete~ annihilation to hadrons, we saw that 
these mass singularities, and the infrared divergences from soft gluon emis- 
sion, cancel in the expression for the total cross section. It can be shown that 
this is a general feature of processes in which quarks and gluons are produced 
in the collision of leptons or photons. However, when quarks or gluons ap- 
pear in the initial state of a parton subprocess, the corrections to the process 
will, in general, have mass singularities that do not cancel. In this section we 
will demonstrate this effect and work out its physical interpretation. We will 
find that these singular terms predict a violation of Bjorken scaling by terms 
depending on the logarithm of the momentum scale. In fact, they lead to a 
precise set of differential equations that govern the momentum dependence of 
the parton distributions. 

The basic phenomena associated with mass singularities in QCD are al- 
ready present in the physics of collinear photon emission in QED at high 
energies, and so it is most straightforward to begin by studying that case. In 
this section, we will show that collinear photon emission leads to an analogue 
of a parton distribution function for the electron. We will derive a differen- 
tial equation describing this distribution function, first constructed by Gribov 
and Lipatov. Finally, we will generalize this equation to QCD, following the 
construction of Altarelli and Parisi.t 

In Chapters 5 and 6, we studied several examples of QED processes 
that involved diagrams with t- or u-channel singularities. In these cases, we 
found that the total cross section was generally enhanced by an extra factor 
log(s/m?) in the high-energy limit. For example, in Eq. (5.95) we saw that 
the u-channel exchange diagram in Compton scattering, Fig. 17.14(a), leads 
to an integral that, in the high-energy limit, takes the form 


dcos 
/ (1+ cos 0)" 
The singularity as cos @ — —1 is cut off by the electron mass, leading to the 
logarithmic enhancement factor. Thus the collinear photon emission costs a 
factor that is not a but rather alog(s/m?). Emission of multiple collinear 
photons, as in Fig. 17.14(b), gives contributions of order (alog(s/m?))". To 


improve the accuracy of perturbation theory, it would be useful to find a pro- 
cedure for summing these terms to all orders in a. In QCD, the corresponding 


tV. N. Gribov and L. Lipatov, Sov. J. Nucl. Phys. 15, 438 (1972); G. Altarelli 
and G. Parisi, Nucl. Phys. B126, 298 (1977). We also strongly recommend reading 
the papers of J. Kogut and L. Susskind, Phys. Rev. D9, 697, 3391 (1974). 
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(a) (b) 


Figure 17.14. Diagrams with mass singularities associated with collinear 
photon emission: (a) leading order; (b) higher order. 


X X 
Figure 17.15. General form of diagrams with mass singularities in QED. 


factor for collinear gluon emission would be 


2 
Qs (Q”) log Ca 
u 
where u is the momentum scale where nonperturbative QCD effects become 
important. Comparing with Eq. (17.17), we see that this product is of order 1. 
Thus, in this case, the resummation of large logarithms is essential if we are 
to make any quantitative predictions. 

In QED, diagrams with mass singularities associated with one collinear 
emission are of one of the forms shown in Fig. 17.15. In each case, the circle 
represents a scattering process with large momentum tranfer. The mass singu- 
larity appears when the denominator of the intermediate propagator vanishes, 
that is, when the intermediate state is almost on-shell. Thus, it is natural to 
consider the first diagram in Fig. 17.15 to be a transition to a real photon 
and an almost-real electron, followed by the interaction of the electron with 
the remaining particles in the amplitude. The second diagram should have a 
similar interpretation with an almost-real photon in the intermediate state. 

The only subtlety comes in defining the polarization of the intermediate- 
state particle. For the case of an intermediate-state electron, the numerator 
of the propagator is 


#= So uo (ka (k). (17.79) 


Thus, when k? — 0, the photon emission vertex and the remaining part of 
the amplitude are contracted with on-shell polarization spinors for a massless 
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electron. The analogous statement for the diagram with the photon in the in- 
termediate state would be that the electron emission vertex and the remaining 
photon amplitude should be contracted with physical transverse polarization 
vectors for the intermediate-state photon. Since the numerator of the photon 
propagator is g#”, it is not obvious that the photon propagator reduces in this 
way. But it is true. To see this, use the expansion for g#” in terms of massless 
polarization vectors given in Eq. (16.20): 


g” =e + eet — So hier. (17.80) 


t 


Here ef are transverse polarization vectors. The forward polarization vector 
eh is proportional to the photon momentum qg”. When we contract e} with 
the QED scattering amplitude on the right, we will obtain zero by the Ward 
identity, and the contraction of €%” with the electron emission vertex similarly 
gives zero. Thus, for the purpose of computing the singular term as the photon 
momentum q goes on-shell, we may replace 

igt” +4 H vx 


q —> Ee ETiETi (17.81) 


i 


and evaluate the photon emission and absorption amplitudes with transverse 
polarization vectors. 


Matrix Element for Electron Splitting 


By replacing the numerator of the intermediate propagator with a sum over 
polarization vectors, we decouple the photon or electron emission vertex from 
the rest of the diagram. We will now evaluate this vertex explicitly between 
physical polarization states of massless particles. The kinematics is shown in 
Fig. 17.16. The two final particles should be almost collinear, with a small rel- 
ative transverse momentum. We can choose the incident electron momentum 
to lie along the 3 axis and the outgoing momenta to lie in the 1-3 plane. Let 
z be the fraction of the energy of the initial electron that is carried off by the 
photon. Then the three 4-momenta can be written as 


p = (p, 0,0, p), 
q% (zp, p1,0, zp), (17.82) 
x ((1—z)p, ~p1,0, (1—z)p). 
These three vectors satisfy p? = q? = k? = 0, up to terms of order p? . 
In the process where a real photon is emitted, we should have p? and q? 
exactly zero, and k? slightly off-shell by an amount of order p? . We will need 


to know the value of k?, which appears in the virtual electron propagator. So 
let us modify Eqs. (17.82) to satisfy the condition q? = 0 up to terms of order 
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q 7 
1 
k 3 
Figure 17.16. Kinematics of the vertex for emission of a collinear electron 
or photon. 
pi, rewriting q and k as 
2 
P 
q= (zp, p1,0, zp = Zap) 
2 (17.83) 
PL 
k = ((1—z)p, —p.,0,(1—z)p + ==). 
((1-z)p, —p1,0, (1-z)p Dap 


With this modification, 


2 
k? = -p7 — (1-2) + + O(p i). 


Thus, if the photon is real and the electron is virtual, we have 
p? 
g=0, k=-, (17.84) 
z 


Reciprocally, in the process with a real electron and a virtual photon, 


k =0 2 _ Pi (17.85) 
9? 15 (1—2) ` 

These more accurate expressions will be needed only in the propagator of the 

virtual particle. The matrix element of the electron-photon vertex begins in 

order p1, so it is not significantly affected by the modification of (17.82) to 

(17.83), and is the same (to lowest order) no matter which particle is virtual. 

We now calculate the matrix elements of the QED vertex between massless 

states of definite helicity. If the initial electron is left-handed, the final electron 

must also be left-handed, by helicity conservation. Then the photon emission 
vertex is given by 


iM = tp (k)(—tey, ur (per (q), (17.86) 


where the photon polarization vector may be either left- or right-handed. 
Recalling the helicity-basis expressions 


ma (2 Y) mosva (SP) Gorm =o) 


Oyu 
we can write more explicitly 


iM = —iey/2(1-z)py/2p €'(k)o" E(p) eț (a). (17.87) 
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To order p1, the left-handed spinors are 


c= (9), = (PE), (17.88) 


The polarization vectors for the photon are 


1 . Pa 1 . PL 

elo = —(1,i,-—=), en(q) = 1, -3, . 

L (q) z! zp) R) zl zp) 
Notice that, when these vectors are contracted with the Pauli matrix in 
Eq. (17.87), the first two components of the right-handed polarization vec- 
tor give (a! — ig?) = 207, which annihilates €(p). The only remaining term 
comes from the i = 3 component, and we find 

2(1—z) 


iM(ep > ep yr) = ie PL. (17.90) 


(17.89) 


For the left-handed photon polarization, there is an additional contribution 
from the first two components of ež. These add to 
/2(1-z) 
iM(e, > er = ie~ p]. 17.91 

(er > ep IL) z0 -z P+ ( ) 
Parity invariance implies that the values of the matrix elements are unchanged 
if all helicities are flipped; this immediately gives the required matrix elements 
for the case of an initial ep. The squared matrix element, averaged over initial 
helicities, is therefore 


z 


5 M|? = 2e" an $ + c] (17.92) 


2 


The first term in the brackets comes from a photon with spin parallel to the 
electron spin; the second term comes from a photon with spin opposite to the 
electron spin. 


The Equivalent Photon Approximation 


Now we have all the pieces needed to compute the cross sections for the 
processes shown in Fig. 17.15. We first consider the process with a virtual 
photon. Call the initial state on the right-hand side of the diagram X and the 
final state Y, and let M.x represent the matrix element for the scattering 
of the photon from X. We will assume for simplicity that X is unpolarized, 
so that the scattering cross section does not depend on the virtual photon 
polarization. Then the complete diagram gives a cross section 


B 1 dk 1 1 o]/1\2 2 
(I+0x)2p2Bx liom ZKO [ew [Zm] (a) IMax|", (17.93) 


where vy is the velocity of X and f dIly is the phase space integral over Y. 
The integral has a singularity when k is collinear with the incident electron 
momentum p. To isolate the singularity, substitute for k? and q? from Eqs. 
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(17.82) and (17.85) and rewrite the integral over k as 
dk = dk’ k, = pdz - rdp? . (17.94) 


Then the cross section can be expressed as 


pdzdpł (1— a z f 2 
7 Merey 1—z)p zG dM ey pi (l+vux)2zp2Ex y|M,x| 


dzdpí | z(1— 2 
= | —5s -n X >Y). 17.95 
eG mM] 0X >Y) (17.95) 
Finally, insert the spin-averaged electron emission vertex (17.92), to obtain 


“Le 2(1—z) 2e?°p? [14 (1-2)? 
= J 167? p z(1-2z) z 


-fu fe = (2 [oox >n. (17.96) 


p? 2r z 


| oox >r) 


The integral over p? runs from momentum transfers of order s down to the 
electron mass m?, which cuts off the singularity. Thus, our final result is 


1 


o(e7 X se Y)= Jeg log 5 | 
0 


1+ (1-2)? 
zZ 


| -a(yX >Y). (17.97) 


The cross section on the right-hand side is computed for a real, transversely 
polarized photon of momentum zp. The factor log(s/m?) represents the mass 
singularity. This formula is the Weizsacker-Williams equivalent photon approx- 
imation, which we encountered earlier in Problems 5.5 and 6.2. 

Formula (17.97) takes on a new significance when it is juxtaposed with 
the QCD predictions of the previous two sections. This QED formula has just 
the same form as a parton model expression, with the Weizsacker-Williams 
distribution function 


Q 8 ~z 2 
hO = Sog 5 E] (17.98) 


playing the role of the probability to find a photon of longitudinal fraction z 
in the incident electron. 


The Electron Distribution 


The first diagram of Fig. 17.15, with an emitted photon and a virtual electron, 
can be treated in the same way. The analogue of (17.93) is 


1 dq 1 152 
= mnam | e | TREMP] (je) Me oP. 
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Following the steps that led to (17.97), we find 
_ dzdpł 71 9] 27 _ 
o(e7X >Y) =f i E Sml liz -(1-z)o(e7X > Y) 


O f dzdp? z(1-z) 2e?p? [1+ (1-2)? 
© J 167? pt z(1-z) z 


| -ole X >Y) 


1 
dp? 1+ (1-2) 
= Jef PL2 | + (1-2) Lo(e7X => Y), (17.99) 
pi 2r z 
0 
where the intermediate electron carries a longitudinal fraction (1—z). 

It is tempting to substitute x = (1—z) and interpret the factor multiplying 
the cross section under the integral in (17.99) as the parton distribution for 
finding an electron parton in the electron. This would give 

2 
(1) _ Q l 8 1 +2 
fe (x) m Èm? | 1r | 


(17.100) 


However, this expression is not adequate. Most obviously, it does not take 
into account the processes without radiation, in which the electron remains 
an electron at the full energy. This is easily remedied by considering (17.100) 
as the order-a correction to the most naive expectation, 


JP (2) =ê- 2), (17.101) 


in which we consider the electron to contain only an electron at the full energy. 
Unfortunately, the sum of (17.101) and (17.100) still does not give an adequate 
description of the electron distribution, for two reasons. First, Eq. (17.100) 
diverges near z = 1, and we need a prescription for treating this singularity. 
Second, while Eq. (17.100) takes into account the virtual electrons moved to 
longitudinal fraction x from z = 1 by radiation, it does not take into account 
the concomitant loss of electrons from the delta function peak at x = 1. 

The divergence of (17.100) at z = 1 corresponds to the emission of soft 
photons. We saw in Section 6.5 that the emission of soft photons does not af- 
fect the rate of a QED reaction. Order by order in a, one finds that infrared- 
divergent positive contributions to the total rate from the emission of soft 
photons are balanced by negative contributions from diagrams with soft vir- 
tual photons. In the present example, the negative contribution must decrease 
the weight of the process in which no photon is emitted. Thus, to order a, the 
parton distribution for electrons in the electron should have the form 


a l s (1+2? 
o 

In? m? (1-2) 

The coefficient A results from diagrams with virtual photons that we have 


not computed. However, the effect of these diagrams is easy to understand; 
they subtract from the delta function the probability that has been moved 


felz) = 6(1—2) + ~ Ad(1 — 2)). (17.102) 
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to lower x by radiation, so that the integral over the full term of order œ is 
zero. Another way of expressing this criterion is that A is determined by the 
condition that the electron contain exactly one electron parton, 


1 
fo fe(x) =1. (17.103) 
0 


(This equation will be modified below, when we include pair-creation pro- 
cesses.) 

It is not so clear how to integrate over the singular denominator in (17.100) 
to determine A explicitly. It is conventional to define a distribution that can 
be integrated by subtracting a delta function from the singular term. Define 


the distribution i 


(1-2)4+ 
to agree with the function 1/(1—z) for all values of x less than 1, and to have 


a singularity at z = 1 such that the integral of this distribution with any 
smooth function f(x) gives 


(17.104) 


1 1 
© _ fp f@) =F) 
Deo J cay (17.105) 


fed 
0 


Less formally, 


€ 


1- 
1-2 6(1—2) Jez 
0 


z| (17.106) 


The more formal definition (17.105) is often easier to use in practice. 

Using this definition, we can bring a piece of the delta function into the 
singular term of (17.102) by changing the denominator (1—x) to (1—x)4. 
Then, to normalize (17.102), we need the integral 


jei r = Jaz =-5. 


Our final form of the electron distribution, to order a, is 


Io 
20 Sm 


+ =8(1—2)|. (17.107) 


This distribution is now properly normalized, but it is still highly singular 
near x = 1. Thus, we should expect higher-order corrections to the electron 
distribution function to be important in this region. We must, then, think 
about how to treat the emission of many collinear photons. 
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Figure 17.17. Higher-order diagrams with collinear photon emission: 
(a) two collinear photons; (b) many collinear photons. 


Multiple Splittings 


In fact, it is not difficult to extend the analysis we have just completed to 
account for emission of many collinear photons. Consider the process shown in 
Fig. 17.17(a), in which photon 1 is radiated with a transverse momentum p11 
and photon 2 with a transverse momentum p21. The emission of photon 2 can 
be computed just as we did above. If por « pı, the first virtual electron is 
very close to mass shell compared to Py , and so we can ignore its virtuality 
in computing the emission of the photon 1. The double photon emission gives 
a contribution of order 


S 
(EF Ja T- — (2) e5 
2m Pi Poy C= m? 
m2 
In the opposite limit, po, >> pı1, there is no denominator of order p?,, and 
so we do not find a double logarithm. Only in the case po, < pıı can the 
contribution of order œ? compete with the contribution of order a. 
This argument extends to the emission of arbitrarily many collinear pho- 


tons, Fig. 17.17(b). The region of integration over the photon phase space 
corresponding to the ordering 


Pil > pal > pal >: (17.108) 


gives a contribution that contains the factor 


1 n 8 
— (5) log” —. (17.109) 
If the photon transverse momenta are ordered in any other way, the contribu- 
tion from that region contains at least one less power of the large logarithm 
at the same order in a. If condition (17.108) holds, the virtual electron mo- 
menta are increasingly off-mass-shell as one proceeds from the outside of the 
diagram toward the hard collision. In this case, the electron momenta are said 
to be strongly ordered. 
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This set of conclusions has an interesting physical interpretation. Since 
the intermediate electrons are increasingly virtual as we go into the diagram, it 
is natural to interpret them as components of the physical electron when this 
particle is analyzed at successively smaller distance scales. The intermediate 
electron with k? ~ p? may be thought of as a constituent of the electron 
made visible when the wavefunction of the physical electron is probed with a 
resolution Ar ~ (p;,)~+. In this picture, the electron seen at one resolution 
can be resolved at a finer scale into a more virtual electron and a number of 
photons. 

From either the perspective of computing Feynman diagrams or the 
erander perspective of the electron structure, it is useful to imagine the split- 
ting of the electron into a virtual electron plus photons to be a continuous 
evolution process as a function of the transverse momentum of the electron 
constituent. To describe this process mathematically, we introduce an explicit 
pi dependence of the electron and photon distribution functions. We define 
the functions f(x, Q) and fe(x,Q) to give the probabilities of finding a pho- 
ton or an electron of longitudinal fraction x in the physical electron, taking 
into account collinear photon emissions with transverse momenta p; < Q. 
If Q is slightly increased to Q + AQ, we must take into account the pos- 
sibility that an electron constituent in f.(z,Q) will radiate a photon with 
Q <p. < Q + AQ. The differential probability for an electron to split off a 
photon that carries away a fraction z of its energy is 


a d? 1+ = 2)? 
20 pr z 


(17.110) 


The new photon distribution can therefore be computed as follows: 


fy(%,Q+A4Q) 


LQ) fefe pii 2k | fla '.p.)8(a — 22" 


zZ 


= f (2,Q) je jot ak [eë pa). (17.111) 


z 


Passing to a continuous evolution, we find that the function f(x, Q) is deter- 
mined by the integral-differential equation 


1 
dz [a1 + (1-2)? 
Tego hile = [=| 


T 


Eo. (17.112) 


T z 


Similarly, the distribution of component electrons in the physical electron 
will evolve with Q, reflecting the appearance of electrons at lower values of x 
due to photon radiation, and the disappearance of these electrons at higher x. 
The term in brackets in Eq. (17.107) gives a correct accounting of both effects 
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for the radiation of a single photon. Thus, the electron distribution evolves 
according to 


1 


Tagg hl = f S]2( 3501 J) E o. (17.113) 


2 
By integrating these integral-differential equations using appropriate ini- 
tial conditions, we sum all of the logarithmically enhanced terms of the 
form (17.109). The initial conditions should be fixed at a point that will repro- 
duce the correct denominator of the logarithms in Eqs. (17.98) and (17.107). 
Thus, we should set 


fe(x, Q) = 6(1—2), fy (x, Q) = 0, (17.114) 


T 


at Q? ~ mê. 

The resulting distribution functions can be used to compute the cross sec- 
tions for electron hard scattering from an arbitrary target. Then Eqs. (17.97) 
and (17.99) should be replaced by 


1 
aeTX > e7 my +Y) = | de f(z QOX >Y), 
e (17.115) 
(eX => ny +Y) = fade file, Qof X >Y), 
0 


where the cross sections under the integrals are computed for a photon or 
electron carrying a fraction z of the original electron momentum, the functions 
f,(z,Q), fe(x,Q) are the solutions to Eqs. (17.112) and (17.113), and the 
momentum Q is chosen as a characteristic momentum transfer of the yX or 
eX subprocess. 


Photon Splitting to Pairs 


The evolution equations for f(x) and f.(x) need one more modification be- 
fore they can be considered complete. As written, these equations account for 
the radiation of photons by electrons to all orders. However, they omit an- 
other process that is of the same order in a: the splitting of a photon into an 
electron-positron pair. We must include this process in our evolution equa- 
tions, because the process shown in Fig. 17.18, for example, has the same 
logarithmic enhancement as that shown in Fig. 17.17(a). 

We can compute the effects of photon splitting in the same way that we 
computed with effects of photon radiation. The basic kinematics of the process 
is very similar, as shown in Fig. 17.19; the only difference is that the photon 
is now in the initial state, while the final state consists of an almost collinear 
electron-positron pair. We need to work out the analogue of Eq. (17.92) for 
this process. 


iian e ssc ot ene, a: 
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Figure 17.18. A process that involves ete~ pair creation enhanced by a 
collinear mass singularity. 


Figure 17.19. Kinematics of the vertex for photon conversion to a collinear 
electron-positron pair. 


Consider the case in which the outgoing electron is left-handed. Then 
the outgoing positron must be right-handed, by helicity conservation; its spin 
wavefunction will contain a left-handed spinor. Let us take the electron mo- 
mentum to be k, given by Eq. (17.82), and the positron momentum to be q. 
Then the vertex gives a matrix element 


iM = —ietit(k)yput(g)eF(p), (17.116) 


where the photon polarization vector can be either left- or right-handed. When 
we insert the explicit forms for the massless spinors, we obtain 


iM = iev/2(1—z)py/2zp El (k)o'E(q) - & (p), 


where the electron and positron spinors are given, to order pi, by 


Elg) = (=) , &ky= (7170-9)? ) l 


The polarization vectors for the photon are 
, 1 1 
(2 
€ => = — 
LP) = Fe V3 


Dotting these vectors into oł, we find for the polarized matrix elements 


(1, -2, 0), én(P) (1, 7,0). 


iM(yL —> ezet) = —ie = p], 
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and 

2z(1—-z) 

(1-2) PL. 
Again, the matrix elements are unchanged if all helicities are flipped. Thus 
the squared matrix element, averaged over initial photon polarizations, is 


2e?p? 
Eme = 2 [2 + (1-z)*], (17.117) 


pols. 


iM(yr > ezek) = +ie 


where z is the momentum fraction carried by the positron. The first term in 
the brackets comes from processes in which the spin of the positron is parallel 
to the spin of the photon; the second term comes from processes where the 
electron spin is parallel to the photon spin. 

The squared matrix element (17.117) generates an evolution of constituent 
photons into electrons and positrons. The form of the evolution equation is 
similar to (17.113), but with the photon distribution on the right-hand side, 
and with the expression in parentheses replaced by 


(2? + (1—-z)°). (17.118) 
When we create an electron-positron pair, we must remove a photon; this 
requires a negative term in the evolution equation for the photon distribu- 


tion (17.112) that contains a delta function multiplying the normalization of 


(17.118): 
1 


2 
fee + (1-2)°) = 3 (17.119) 
0 
Evolution Equations for QED 


Including the effects of pair creation, we find the complete evolution equations 
for electron, positron, and photon distributions in QED. These equations, 
originally derived by Gribov and Lipatov, sum the leading logarithms from 
collinear singularities to all orders in a. The evolution equations take the form 


1 
ee) = TER Py—e(z)[fe(= =,Q) + fel=,Q)] 


HPE, 


d a f de x x (17-120) 
Tg = E S ES PE PDE 
1 
mgto) = E [Sf PIE + Plana}. 
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The splitting functions P;_;(z) are given by 


142 3 
Pece = ' 
velz) Ta; + zô z) 
_ 1+(1-2)? 
Pye) = z (17.121) 


To obtain the distribution functions for an electron relevant to a given momen- 
tum transfer Q, we should integrate these equations with the initial conditions 


fe(z, Q) = 6(1-2), fe(z,Q) = 0, fy(@,Q) = 0, (17.122) 


at Q = m. With different initial conditions, the same equations give the dis- 
tribution functions for a physical positron or photon. The solutions to these 
equations are used as in Eq. (17.115) to compute cross sections involving 
processes induced by electrons, positrons, or photons that involve large mo- 
mentum transfer. 

The evolution equations (17.120) are constructed in such a way as to con- 
serve electron number and longitudinal momentum. Thus, the basic sum rules 
(17.36) and (17.39) satisfied by the parton distributions of hadrons also ap- 
ply to the QED distribution functions. Specifically, the distribution functions 
of the electron contain one net electron constituent, 


1 


falte) - fe(z,Q)] = 1, (17.123) 


0 


and account for the total momentum of the physical electron, 


[eeelile.@) + fe(z,Q)+ fy(x,Q)| =1. (17.124) 
0 


It is an instructive exercise to verify explicitly, using Eq. (17.120), that the 
values of these integrals do not depend on Q. 


The Altarelli-Parisi Equations 


If we encounter mass singularities in QED associated with collinear photon 
emission, we must also encounter mass singularities in QCD associated with 
collinear gluon and quark emission. If we compute the corrections of order a, 
to the leading-order parton cross sections discussed in Sections 17.3 and 17.4, 
using massless quarks and gluons, we will find that these correction terms 
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diverge when we integrate over the collinear configurations. Thus the parton- 
model expressions, at least in their simplest form, break down already at the 
next-to-leading order in ag. 

However, assuming that the singularities of QCD are no worse than those 
of QED, the considerations of the previous section tell us how to treat these 
singular terms. In QED, we found it natural to include the large corrections 
associated with the mass singularities in the parton distributions rather than 
in the hard-scattering cross sections. Viewed in this way, the singular terms 
supply the kernel of an evolution equation for the parton distributions as a 
function of the logarithm of the momentum scale. Hard scattering with a mo- 
mentum transfer Q probes the electron at a distance of order Q71. When 
the electron wavefunction is resolved to very small scales, it appears as a con- 
stituent electron, carrying only a fraction of the total longitudinal momentum, 
plus a number of constituent photons and electron-positron pairs. Any one of 
these constituents that carries a substantial fraction of the total electron mo- 
mentum can initiate a hard-scattering process. 

Precisely the same logic applies to the calculation of QCD cross sections. 
The contributions from the region of collinear gluon or quark emission should 
be associated with the parton distribution functions rather than with the 
hard-scattering cross sections. If we make this association, we find that the 
parton distributions are no longer independent of the momentum Q that char- 
acterizes the hard-scattering process; rather, they now evolve logarithmically 
with Q. For example, the basic equation (17.30) for deep-inelastic scattering 
will become 

2 
ET (ep eX) = (Z reog 


= [1+ (1-y)?], (17.125) 


and so Bjorken scaling will be violated. Since this violation takes place only on 
a logarithmic scale in Q?, it will be a subtle effect, and approximate Bjorken 
scaling will still be a prediction of QCD. But the violation of Bjorken scaling 
is inevitable, since QCD is a quantum field theory with degrees of freedom at 
all momentum scales. As we probe the proton wavefunction at increasingly 
short distances, we excite the high-momentum degrees of freedom and resolve 
the wavefunction into an increasing number of quarks, antiquarks, and gluons. 

The evolution of the QED parton distributions, governed by Eq. (17.120), 
is characterized by the parameter œ/r, so the parton distributions change by 
~1% as Q is changed by a factor of 10. In QCD, the corresponding factor 
governing the rate of evolution should be a,(@)/a. Thus, when Q is very 
small, the evolution is rapid and contributions of higher order in perturbation 
theory are important. Ultimately, the initial conditions for the evolution are 
determined by the form of the proton wavefunction at large distance scales, 
which cannot be calculated using Feynman diagrams. On the other hand, 
when Q is large, well above 1 GeV in practice, the evolution becomes slow 
and is dominated by the leading order in perturbation theory. In that case, 
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Figure 17.20. The three vertices that contribute to parton evolution in 


QCD. 


QCD perturbation theory makes precise predictions for the form of the evo- 
lution of the parton distributions, and these predictions can be tested against 
experiment. 

To derive the evolution equations of parton distributions in QCD we can 
use the same techniques and logic that we used above for QED. There is a 
subtlety, that the reduction of the gluon propagator to transverse polarization 
states in the limit g? — 0, Eq. (17.81), cannot be proved so simply as in 
QED. However, the result is correct also in the non-Abelian case.* Once this 
technical point is resolved, the kinematics of collinear emission is exactly the 
same as in QED. Thus we find evolution equations of the same form as in QED, 
modified only by the replacement of a by as, the insertion of appropriate color 
factors, and the accounting of the effects of the three-gluon vertex. 

Collinear emission processes in QCD involve the three vertices shown in 
Fig. 17.20. Of these, the first two have the same Lorentz structure as those 
shown in Figs. 17.16 and 17.19. The only difference, aside from the strength 
of the coupling constant, comes in the color indices. We will treat color just 
as we treated spin in the preceding analysis: We average over initial colors, 
and sum over final colors. Then the first vertex of Fig. 17.20, representing the 
splitting of a quark into a quark and a gluon, receives the color factor 


4 treet] = Ca(r) = $. (17.126) 


The second vertex, representing the splitting of a gluon into a quark-antiquark 
pair, receives the factor 


E treet] = 5. (17.127) 


The third vertex in Fig. 17.20 represents the splitting of a gluon to two 
gluons, an effect that is new to the non-Abelian case. It is straightforward to 
compute the contribution of this vertex to the evolution equations by taking 
the matrix elements of the vertex between transverse gluon states of definite 
helicity. This calculation is the subject of Problem 17.4. 


*See, for example, J. Collins and D. Soper, in A. Mueller, Quantum Chromody- 
namics (World Scientific, Singapore, 1991). 
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By accounting for all of these effects, we can modify the QED evolution 
equations (17.120) into the correct set of evolution equations for parton dis- 
tributions in QCD. These are known as the Altarelli-Parisi equations. They 
describe the coupled evolution of parton distributions fs(x,Q), F7(x,Q) for 
each flavor of quark and antiquark that can be treated as massless at the 
scale Q, together with the parton distribution of gluons, f,(z,Q). Explicitly, 


d (Q?) fdz o a 
megh e A) = SE S HPO DWE O+ Ea) 


PONEO} 


goteg) =S j Sf PADNE O + Praoled(2,a)} 


z 


treg) = 42) j F POHE O PEO 


(17.128) 
The first three splitting functions can be taken from Eqs. (17.121), multiplied 
by the color factors computed in Eqs. (17.126) and (17.127): 


1+27 3 
Pae) = 3] qs + 360 -2)] 
P (2) = 2 s d- 2], (17.129) 
Pygl2) = 5[2 + 0—2). 


The fourth splitting function requires also the computation of Problem 17.4; 
the result is 


P (2) =6 = ! TEN + z(1—2) 4 E Haa al. (17.130) 
The final term in this expression, which is proportional to np, the number 
of light quark flavors, is the subtraction term associated with gluon splitting 
into qq pairs. The Altarelli-Parisi equations describe the evolution of parton 
distributions for any hadron, or any hadronic constituent, up to corrections 
of order a, that are not enhanced by large logarithms. 

Our derivation of the Altarelli-Parisi equations respects the conservation 
laws of QCD for quark numbers and longitudinal momentum. Thus, the equa- 
tions must respect the parton-model sum rules (17.36) and (17.39). As in the 
QED case, it is instructive to verify explicitly that these integrals are inde- 
pendent of Q. 
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Figure 17.21. The u quark parton distribution function z fu(z, Q) at Q = 
2, 20, and 200 GeV, showing the effects of parton evolution according the 
Altarelli-Parisi equations. These curves are taken from the CTEQ fit to deep 
inelastic scattering data described in Fig. 17.6. 


In QED, we could use the evolution equations to explicitly compute the 
structure function of the electron. In QCD, this is no longer possible, because 
the initial conditions required to integrate the equations are determined by the 
strong-coupling region of QCD and so are not known a priori. However, one 
can determine the initial conditions of the proton structure experimentally, by 
measuring the cross section for deep inelastic scattering at a given value of Q?. 
One can then predict the structure functions, and thus the deep inelastic cross 
sections, at higher values of Q?. There is one subtlety in this analysis: The 
gluon distribution is not directly measured in deep inelastic scattering, but 
it does enter the evolution equation for the quark distributions. Thus, some 
of the information on the Q? dependence of deep inelastic scattering simply 
goes into determining the gluon distribution. However, the gluon distribution 
is absolutely normalized by the momentum sum rule (17.39), so the evolution 
equations have predictive power even if this distribution must be fit from the 
data. 

The Altarelli-Parisi equations predict a characteristic form for the evolu- 
tion of parton distribution functions, shown in Fig. 17.21. Partons at high x 
tend to radiate and drop down to lower values of x. Meanwhile, new partons 
are formed at low x as products of this radiation. Thus, the parton distribu- 
tions decrease at large x and increase much more rapidly at small z as Q? 
increases. We can picture the proton as having more and more constituents, 
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Figure 17.22. Dependence on Q? of the combination of quark distribution 
functions Fz = $, f Q3 ff (2, Q?) measured in deep inelastic electron-proton 
scattering. The various curves show the variation of F> for fixed values of x, 
and the comparison of this variation to a model evolved with the Altarelli- 
Parisi equations. The upper six data sets have been multiplied by the indi- 
cated factors to separate them on the plot. The data were compiled by M. 
Virchaux and R. Voss for the Particle Data Group, Phys. Rev. D50, 1173 
(1994), Fig. 32.2. The complete references to the original experiments are 
given there. 


which share its total momentum, as its wavefunction is probed on finer and 
finer distance scales. 
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Figure 17.22 shows the evolution of the combination of distribution func- 
tions that is measured in deep inelastic scattering, as a function of Q?. We 
see the characteristic decrease of the distribution functions at large x and the 
increase at smal] x. The data are compared to a model evolved according to 
the Altarelli-Parisi equations; this model apparently describes the data quite 
well. 


17.6 Measurements of a, 


Before concluding our introductory survey of QCD, we should summarize the 
quantitative verification of the theory. We discussed precision tests of QED 
in Section 6.3, bringing together various measurements of the coupling a; the 
best determinations agree to eight significant figures. Since QCD perturbation 
theory works only for hard-scattering processes, with uncertainties due to soft 
processes that are difficult to estimate, this theory has not been tested to such 
extreme accuracy. Nevertheless, it is interesting to bring together the best 
available determinations of œs, to see how well they agree. 

In order to compare values of a, it is necessary to express these using 
a common set of conventions. First, one must set the renormalization scale; 
a useful choice is the mass of the neutral weak boson Z°: mz = 91.19 GeV. 
Second, one must fix the renormalization scheme that defines the QCD cou- 
pling constant at this scale. It has become conventional to use as a stan- 
dard the bare coupling after regularization by modified minimal subtraction, 
Eq. (11.77). The resulting standard coupling constant is called Asia (M3). 

Measurements of a, from a number of types of experiments are summa- 
rized in Table 17.1. In Section 17.2 we saw that one can obtain a value of 
a, from the measurement of the total cross section for ete” annihilation to 
hadrons or, equivalently, the ratio R of the number of observed hadronic and 
leptonic events. An independent measurement of a, can be obtained from the 
fraction of ete~ annihilation events with three-jet final states or, equivalently, 
from the transverse momentum distribution of produced hadrons relative to 
the jet axis. A number of measurements of this type are collected and averaged 
under the heading ‘Event shapes’. A similar measurement of a, is obtained 
from the measurement of the transverse momentum spectrum of W bosons 
produced from quark-antiquark annihilation at high-energy pp colliders. The 
gluon radiative correction to the vertex in deep inelastic neutrino scattering 
can also be used to extract a,. The rate of Bjorken scaling violation in deep 
inelastic scattering is controlled by as, and so this effect provides another a, 
measurement. The decays of the lightest bb bound state Y and the cé bound 
state ù are governed by QCD and yield a measurement of œs. Finally, the 
spectrum of c@ and bb bound states can be computed numerically in terms 
of the QCD coupling constant, and the comparison with experiment gives a 
determination of a. 
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Table 17.1. Values of as(mz)} Obtained from QCD Experiments 


Process: as(mz) Q (GeV) 
Deep inelastic scattering 0.118 (6) 1.7 

R in 7 lepton decay 0.123 (4) 1.8 

wv, T spectroscopy 0.110 (6) 2.3 
Transverse momentum of W production 0.121 (24) 4 
Deep inelastic scattering (evolution) 0.112 (4) 5. 
Event shapes in e*e~ annihilation 0.121 (6) 5.8,9.1 
Rate for y, Y decay 0.108 (10) 9.5 

R in ete annihilation (20-65 GeV) 0.124 (21) 35. 

R in Z° decay 0.124 (7) 91.2 


The values of as(mz) displayed in this table are obtained by fitting experi- 
mental results to the theoretical expressions given by perturbative QCD using 
minimal subtraction. The values of as have been evolved to Q = mz using 
the renormalization group equation. R refers to the ratio of cross sections or 
partial widths to hadrons versus leptons. The numbers in parentheses are the 
standard errors in the last displayed digits. The column labelled ‘Q’ gives an 
idea of the value of Q at which the measurement was made. (Typically, these 
measurements average over a range of Q, and that averaging is taken into ac- 
count in the quoted values of œs.) This table is based on the results compiled 
by I. Hinchliffe in his article for the Particle Data Group, Phys. Rev. D50, 
1297 (1994). This article contains a full set of references and a discussion of 
the sources of uncertainty in these determinations. 


The table shows the values of a, extracted from each of these measure- 
ments, expressed in terms of the value in the reference conventions, asi3(m3,). 
We see that several of the experiments determine as to an accuracy of 5%, and 
that the various determinations are consistent with one another at this level. 
In Fig. 17.23, we have plotted the original values of a, represented in Table 
17.1, before conversion to a common scale, versus the momentum scale Q at 
which each was obtained. This comparison gives a striking direct verification 
of the running of ag. 

At the beginning of this chapter, we wrote down a candidate for the 
fundamental theory of strong interactions using only a few simple principles: 
the existence of quarks and the identification of their quantum numbers, and 
the idea that the theory of the quark interactions should be an asymptotically 
free gauge theory. It is remarkable that these simple considerations have led 
us to a description of strong interactions that is quantitatively correct. for a 
broad range of phenomena in the hard-scattering regime where asymptotic 
freedom can be used as a tool for calculation. 
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Figure 17.23. Measurements of as, plotted against the momentum scale Q 
at which the measurement was made. This figure was constructed by evolving 
the values of as(mz) listed in Table 17.1 back to the values of Q indicated 
in the table. The value for eteT event shapes has been split into two points 
corresponding to experiments at the TRISTAN and LEP accelerators. These 
values are compared to the theoretical expectation from the renormalization 
group evolution with the initial condition as(mz) = 0.117. 


Problems 


17.1 Two-loop renormalization group relations. 
(a) In higher orders of perturbation theory, the expression for the QCD £8 function 
will be a serics 


bo 3 by 5 bo 7, 
(nS ~ a (aye? 7 


B(g) = 


Integrate the renormalization group equation and show that the running cou- 
pling constant is now given by 


_ 4x 1 by log log(Q? / A?) o. 
bo Llog(Q?/A?) b2 (log(Q2/A2))2 ~ '|? 


as(Q”) 


where the omitted terms decrease as (log(Q?/A?))~?. 


(b) Combine this formula with the perturbation series for the e+e- annihilation 
cross section: 


a(ete~ — hadrons) = co - LES) . [i + 8 4 a(S) H O(a3)]. 
f 


T 
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17.2 
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The coefficient ag depends on the details of the renormalization conditions defin- 
ing as. Show that the leading two terms in the asymptotic behavior of a(s) for 
large s depend only on bọ and by and are independent of ag and bg. Thus the first 
two coefficients of the QCD @ function are independent of the renormalization 
prescription. 


A direct test of the spin of the gluon. In this problem, we compare the 


predictions of QCD with those of a model in which the interaction of quarks is mediated 
by a scalar boson. Let the coupling of the scalar gluon to quarks be given by 


ôL = g54q, 


and define ag = g? /4r. 


(a) 


(b) 


17.3 
(a) 


Using the technique described in parts (b) and (c) of the Final Project of Part I, 
compute the cross section for e*e7 — gS to the leading order of perturbation 
theory. This cross section depends on the energies of the q, g, and S, which we 
represent as fractions x1, £2, 73 of the electron beam energy, as in Eq. (17.18). 
Show that 


22 
Po (ere , a8) = E Qa og z3 
3s 4r (1 — q)(1 — zg) 


daydx2 


In practice, it is very difficult to tell quarks from gluons experimentally, since 
both particles appear as jets of hadrons. Therefore, let £a be the largest of 
£1, £2, 23, let zp be the second largest, and let £e be the smallest. Sum over 
the various possibilities to derive an expression for d?¢/dtqdzp, both in QCD, 
using Eq. (17.18), and in the scalar gluon model. Show that these models can 
be distinguished by their distributions in the £a, £a plane. 


Quark-gluon and gluon-gluon scattering. 


Compute the differential cross section 
r, q — 99) 
- 
a qd > gg 


for quark-antiquark annihilation in QCD to the leading order in œs. This is most 
easily done by computing the amplitudes between states of definite quark and 
gluon helicity. Ignore all masses. Use explicit polarization vectors and spinors, 


for example, 
1 


v2 


for a right-handed gluon moving in the +8 direction. You need only consider 
transversely polarized gluons. By helicity conservation, only the initial states 
dLap and qrğz can contribute; by parity, these two states give identical cross 
sections. Thus it is necessary only to compute the amplitudes for the three 
processes 


a (0, 1,2, 0) 


qLdR ` IRIR, 
QLR ` GRGL, 
aLGR ` GLGL- 


In fact, by CP invariance, the first and third processes have equal cross sections. 
After computing the amplitudes, square them and combine them properly with 
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color factors to construct the various helicity cross sections. Finally, combine 
these to form the total cross section averaged over initial spins and colors. 


(b) Compute the differential cross section 


do 


F (99 > 99) 


for gluon-gluon scattering. There are 16 possible combinations of helicities, but 
many of them are related to each other by parity and crossing symmetry. All 16 
can be built up from the three amplitudes for 


GRIR ` GRIR; 
GRIR ` GRGL, 
GRIR ` GLIL- 


Show that the last two of these amplitudes vanish. The first can be dramatically 
simplified using the Jacobi identity. When the smoke clears, only three of the 16 
polarized gluon scattering cross sections are nonzero. Combine these to compute 
the spin- and color-averaged differential cross section. 


17.4 The gluon splitting function. Compute the gluon splitting function (17.130) 
for the Altarelli-Parisi equations. To carry out this computation, first compute the 
matrix elements of the three-gluon vertex shown in Fig. 17.20 between gluon states of 
definite helicity. Combine these to derive the splitting function in the region z < 1. 
Then fix the singularity of the splitting function at z = 1 to give this function the 
correct overall normalization. 


17.5 Photoproduction of heavy quarks. Consider the process of heavy quark 
pair photoproduction, y + p > QQ + X, for a heavy quark of mass M and electric 
charge Q. If M is large enough, any diagram contributing to this process must involve 
a large momentum transfer; thus a perturbative QCD analysis should apply. This idea 
applies in practice already for the production of c quark pairs. Work out the cross 
section to the leading order in QCD. Choose the parton subprocess that gives the 
leading contribution to this reaction, and write the parton-model expression for the 
cross section. You will need to compute the relevant subprocess cross section, but this 
can be taken directly from one of the QED calculations in Chapter 5. Then use this 
result to write an expression for the cross section for y-proton scattering. 


17.6 Behavior of parton distribution functions at small æ. It is possible to 
solve the Altarelli-Parisi equations analytically for very small x, using some physically 
motivated approximations. This discussion is based on a paper of Ralston.t 
(a) Show that the Q? dependence of the right-hand side of the A-P equations can 
be expressed by rewriting the equations as differential equations in 
Q? 
£= loglog( %7) 


where A is the value of Q? at which as(Q*), evolved with the leading-order 8 
function, formally goes to infinity. 


‘J. P. Ralston, Phys. Lett. 172B, 430 (1986). 
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(b) 


(c) 


(d) 
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Since the branching functions to gluons are singular as z~! as z — 0, it is rea- 


sonable to guess that the gluon distribution function will blow up approximately 
as c~! as x — 0. The resulting distribution 


dx fg(x) ~ > 


is approximately scale invariant, and so its form should be roughly preserved by 
the A-P equations. Let us, then, make the following two approximations: (1) the 
terms involving the gluon distribution completely dominate the right-hand sides 
of the A-P equations; and (2) the function 


gle, Q’) = z fgl, Q?) 


is a slowly varying function of x. Using these approximations, and the limit 
x — 0, show that the A-P equation for fg(x) can be converted to the following 
differential equation: 
3 12 _ 

— glz, 6) = — g(a 

Famed 8) = 5 Iet), 
where w = log(1/z) and b = (11 — enp). Show that if w£ >> 1, this equation 
has the approximate solution 


j= K(Q)-e([Bwe—)]”), 


where K(Q?) is an initial condition. 

The quark distribution at very small z is mainly created by branching of gluons. 
Using the approximations of part (b), show that, for any flavor of quark, the 
right-hand side of the A-P equation for fg(a) can be approximately integrated 
to yield an equation for ¢(x) = z fq (x): 


a. 2. 
ped) = 9, 52-8) 


Show, again using wê > 1, that this equation has as its integral 


1- (FEJ He o Eee] 


Ralston suggested that the initial condition 
K(Q?) = 50.36(exp(€ — £o) — 0.957) - exp [-7.597(€ - go)'/?] , 


with Q? = 5 GeV?, A = 0.2 GeV, and nz = 5, gave a reasonable fit to the 
known properties of parton distributions, extrapolated into the small z region. 
Use this function and the results above to sketch the behavior of the quark and 
gluon distributions at small x and large Q?. 
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Operator Products and Effective Vertices 


Our analysis of QCD in Chapter 17 was founded on the principle of asymptotic 
freedom, which told us that strong interaction processes with large momentum 
transfer might reliably be treated in weak-coupling perturbation theory. So 
far, however, we have made little use in QCD of the more powerful tools of the 
renormalization group. In this chapter, we will work out some implications of 
the Callan-Symanzik equation in QCD. We will see that asymptotically free 
theories have their own characteristic scaling behavior, with corrections in 
the form of anomalous powers of logarithms of the momentum scale. Though 
these corrections are generally weaker than those in the scalar field theories 
studied in Chapter 13, they nevertheless have important qualitative effects on 
the strong interactions. 

We begin by considering the scaling law for mass terms in QCD, taking 
over directly the formalism that we used to describe the mass term of ¢* theory 
in Sections 12.4 and 12.5. Other applications, however, require a more power- 
ful theoretical tool, the operator product expansion. Section 18.3 introduces a 
general description of products of operators in quantum field theory and ex- 
plains how such operator products are constrained by the Callan-Symanzik 
equation. The last two sections use this tool to develop a new viewpoint to- 
ward deep inelastic scattering and other hard processes in QCD. 


18.1 Renormalization of the Quark Mass Parameter 


Up to this point, we have always assumed that quark masses are small enough 
that they can be ignored in high-energy processes. This is not always an 
adequate assumption even for the light quarks u, d, s; for the heavier quarks c, 
b, t, the masses can have very important effects. However, since isolated quarks 
do not exist, it is not possible to define the mass of a quark unambiguously. In 
the discussion to follow, we will consider the quark mass to be a parameter of 
QCD perturbation theory, defined by a renormalization prescription at some 
renormalization scale M. 

Because we define the quark mass as we would a coupling constant, by 
a renormalization convention, we should expect that this parameter will run 
according to a renormalization group evolution, so that different values of the 
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mass parameter apply to different processes. We say that our original pre- 
scription leads to an effective quark mass, which depends on the momentum 
scale at which it is evaluated. In this section, we will work out the leading 
dependence of this effective mass on the momentum scale. 

The basic formalism for effective mass terms was set out in Section 12.5. 
To add a mass term to the QCD Lagrangian, we must first define the mass 
operator (Gq) by a renormalization prescription at a scale M. Then we can 
define the quark mass by adding to the Lagrangian the term 


ALm = —M(Gq) yy (18.1) 


In this discussion, we will assume that the quark mass m is small enough 
that we need only keep terms of leading order in m. We will also assume, for 
simplicity, that we have such a mass term for only one quark flavor. 
In the zero-mass limit, Green’s functions of the operator (qq) with quark 
fields, 
GM rr En Ys sy Yn, Zao Zk) 
= (q(x1) +++ q(En)4(Y1) -Glyn )aa(21) > Ga(zx)) , 
obey the Callan-Symanzik equation 
ð ð 
M + B 
OM Og 


where y is the anomalous dimension of the quark field and gq is the anomalous 
dimension of the operator gq. If we include the mass terms in the Lagrangian 
according to (18.1), the Green’s function of n quark fields and n antiquark 
fields satisfies 


0 0 0 
| - (n) , . = 
[Mang t 8p, t t+ roam, |G Uedu) gm M) = 0. (184) 


(18.2) 


} 2ny t kyaq GO) (ay, {yi}, {z;},9, M) = 0, (18.3) 


The derivative with respect to m counts the number of times the mass operator 
is used. In Section 12.5, we traded the variable m, with the dimensions of 
mass, for a dimensionless variable. However, in QCD, it is just as convenient 
to consider the dimensionful parameter m as a coupling constant. The solution 
of the Callan-Symanzik equation will then contain a running mass parameter 
m(Q), which depends on a typical momentum Q of the Green’s function. 
This parameter is defined as the solution to a renormalization group equation 
analogous to Eq. (12.126). For this case, the equation is 


d 
—— M = Yaq(G)-™, 18.5 
dlog(Q/M) aa(9) ( ) 
with the initial condition 
m(M) =n. (18.6) 


The quantity M(Q) is the effective mass, which should be used to compute the 
mass effects on quark production or scattering processes with the momentum 
transfer Q. 
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To compute M(Q) explicitly, we need to work out the anomalous dimen- 
sion of the mass operator ygq. This can be done as explained in Section 12.4. 
We define the normalization of the operator explicitly by the prescription that 
the vertex function of (qq) between renormalized quark fields should satisfy 


(18.7) 


for p? = q? = (p + q)? = —M?*. To preserve (18.7), we will need a counter- 
term vertex 6gq with the structure of the operator insertion. Then, as in Eq. 
(12.112), the anomalous dimension is given to one-loop order by 


) 


Yaa = May 


(—6%q + 62), (18.8) 
where 62 is the counterterm for the quark field strength renormalization, de- 
fined in Fig. 16.8. Correlation functions of the gauge-invariant operator (gq) 
are gauge invariant, and so the various terms in the Callan-Symanzik equation 
for this function must sum to a gauge-invariant result. Since the leading coef- 
ficient of G(g) is independent of the gauge and of other conventions, it follows 
from (18.3) that the leading coefficient of +g, is also convention independent. 
The counterterms 62 and 6g, both depend on the gauge. This argument shows 
that the gauge dependence must cancel in (18.8). In the calculation to follow, 
and in the other anomalous dimension calculations in this chapter, we will 
work consistently in Feynman-’t Hooft gauge. 

We have already computed the divergent part of the counterterm 62 in 
Feynman-’t Hooft gauge in Section 16.4. Evaluating the group-theory factor 
in the result (16.77) for QCD, we find 


4 g T(2-%) 
3 (4m)? (M2)2-4/2" 


62 = (18.9) 


To compute gq, we must work out the one-loop correction to the vertex 
(18.7). This is given by the diagram 


ig) 2ee ETO 1. Fa. 7 
(k +4)? k2 "(k — p)? 


In the expression for this diagram, the factor 1 represents the gq operator 
insertion. In the corresponding diagram for the renormalization of the quark 
number current j” = qy”q, this factor would be replaced by y”. Since we 
need only the divergent part of the vertex renormalization (18.10), we can 
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approximate the integrand by its value for large k. Then this diagram becomes 


d*k | oa uniK ik a —i 
ALD ~ [aa PE BtnE 


4 L2 
se | dk dk (18.11) 
3 (27)4 (k?)8 
4, 1 d 
~ ig- 4 2—4), 
39 4 gpl) 


To preserve the normalization condition (18.7), we must add the counterterm 


4 g I(2-$) 


óga = y 3 (4r)? (M?)2-4/2 ` (18.12) 
Assembling (18.8), (18.9), and (18.12), we find 
g? 
Yaa = ae” (18.13) 


As we have noted in the previous paragraph, the anomalous dimension 
yj of the quark number current can be found by a very similar calculation. 
This will give a good check on our formalism, since, as we have argued above 
Eq. (12.110), a conserved current is unambiguously normalized by its integral, 
the conserved charge, and so must have zero anomalous dimension. If we 
substitute y” for 1 in (18.10) and use the same set of approximations to 
reduce the integral, we find in the numerator the Dirac matrix structure 


LL V 1 V 
KY Kyu = FEI Vu 


Á (18.14) 
— g2 R. 
Then, instead of (18.12), we need the counterterm 
2 _d 
j= ata owe (18.15) 
Combining this result with (18.9), we find 
Y; = 9, (18.16) 


in accord with our general arguments. 

If we replace the gamma function in (18.11) by an explicit factor of 
log(A?/@Q?), and then subtract the divergence using the counterterm (18.12), 
we find that the vertex diagram behaves as 


4 g? M? 
=>-4 it . 8.17 
KN 3 ape E (18.17) 


This diagram gives an enhancement at small external momenta. Some of this 
enhancement is associated with the (gauge-dependent) rescaling of the ex- 
ternal quark fields; relation (18.8) tells us how to extract the piece of this 
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Figure 18.1. Diagrams giving the leading logarithmic contributions to the 
momentum dependence of the quark effective mass. 


logarithm associated with the gauge-invariant enhancement of the effective 
mass. Thus, to order az, 


m(Q) =m: (148-2, (18.18) 


Gk T)? 

To compute the momentum dependence of the effective mass more ac- 
curately, we must take two more features of the calculation into account. 
First, the quantity (a, log(M?/Q?)) may become of order 1, and, in this 
case, we must take into account all leading logarithmic terms of the form 
(a, log(M?/Q?))". Contributions of this type come from all the diagrams 
shown in Fig. 18.1. Second, the coupling constant a, is itself a function of the 
momentum scale, giving a further enhancement to contributions from small Q. 
Both of these effects are properly accounted by solving the renormalization 
group equation (18.5). To the leading order in g?, this equation takes the 
explicit form 


d — 7 _ as(Q?) _ 
dlog(Q/M)" ~ 8 m= —2 M. 


(4r)? T 
Inserting the solution of the renormalization group equation for g in the form 
(17.17), we find 


(18.19) 


do so 
diog(Q/M) bo log(Q2/A2) (18.20) 


where bg is the first coefficient of the QCD £2 function and A is now the QCD 
scale parameter defined in (17.16). The integral of this equation, satisfying 
the initial condition (18.6), is 


_ log(M?/A?) 4/bo 
Recall that bọ = 11 — 2n- in QCD. Another way to express (18.21) is by 
3 °F 
writing 
_ a(R) N 
mQ’) = (282) m. (18.22) 


Just as an illustration, take np = 4 and A = 150 MeV; then the effective 
masses of the light quarks increase by about a factor 2 from Q = 100 GeV to 
Q=1 GeV. 
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The method we have just used for computing the QCD enhancement of 
the quark mass operator applies equally well to the matrix elements of any 
other gauge-invariant operator. We conclude this section by recapitulating the 
conclusions of the argument in their more general form. 

Let O(x) be any gauge-invariant operator in QCD. As we saw for the mass 
term, the one-loop corrections to the matrix elements of this operator may 
contain enhancement or suppression terms proportional to a, log(M?/Q?), 
where Q is the momentum scale of a QCD process mediated by O(a) and 
M is the renormalization scale used to define the operator normalization. 
The part of these one-loop corrections specifically associated with the opera- 
tor normalization is given by the anomalous dimension yo. For an operator 
containing n quark or antiquark fields and k gluon fields, 


ð k 
70 = Mzzl bo + 560 553): (18.23) 


where ĝo is the counterterm needed to preserve the operator normalization 
condition and 69 and ês are the counterterms for the quark and gluon field 
strength renormalization defined in Fig. 16.8. From (18.23), we can derive the 
explicit one-loop expression for yo in the form 


2 


g 
1o = ao Te (18.24) 


Using this result, we can solve the renormalization group equation for the 
coefficient of O(x) and find the QCD renormalization factor 


log(M?/A?) 0/200 (18 25) 
log(Q? /A?) , i 
where bọ is the first coefficient of the QCD @ function, 
2 
bp = 1 ~ 5p. (18.26) 


The QCD renormalization (18.25) is an enhancement at small momenta if 
ao > 0. 

In the remainder of this chapter, we will present further examples of this 
enhancement or suppression by QCD logarithms. In many cases, we will see 
that these factors lead to striking and nontrivial physical effects. 


18.2 QCD Renormalization of the Weak Interaction 605 


18.2 QCD Renormalization of the Weak Interaction 


Our next example of the appearance of QCD enhancement factors occurs in 
the theory of the weak interactions of hadrons. In Section 17.3, we introduced 
the weak interaction coupling of quarks and leptons, which we described by 
an effective Lagrangian. For our analysis here, we will need to know a few 
more details of the structure of the weak interactions, so we begin this section 
by presenting these facts. The complete structure of the weak interactions of 
quarks and leptons will be discussed systematically in Chapter 20. 

As we discussed in Section 17.3, the weak interactions among quarks and 
leptons are described by an effective Lagrangian resulting from the exchange 
of a virtual W vector boson. In (17.31), we wrote the effective vertex that 
couples quarks to leptons: 


9 z p) (-—75) 


AL= 5 VU y 5 d + h.c. (18.27) 


= 2 
2miy 


In this chapter, we will mainly be concerned with the effects of this interaction 
for momentum scales much larger than 1 GeV. Thus, we will ignore quark 
masses. All fermion fields that appear in the weak-interaction vertices are 
multiplied by the left-handed projector (1 — 77). In the rest of this section, 
we will not write this projector explicitly; rather, we will denote the projection 
by a subscript L. We will also introduce the Fermi constant, given by (17.32). 
Then (18.27) can be rewritten as 


_4Gr 
o v2 


There is an analogous vertex that represents W exchange between pairs of 
quarks; this has the form 


AL (Lry vL) (Ur ypdz) + h.c. (18.28) 


4G F 


AL = ZE 
V2 


(duyur) (ŭrYudz) + h.c. (18.29) 

However, for the discussion of this chapter, we will need to write a mod- 
ified, and less approximate, expression. When we discuss the theory of weak 
interactions in detail in Chapter 20, we will learn that the charge +2/3 quarks 
(u,c,t) couple to the charge —1/3 quarks (d, s,b) through the weak interac- 
tions via a unitary rotation. Thus, for example, u couples to the combination 


cos ĝe d + sin ĝe s, (18.30) 


plus a small admixture of b, which we will ignore in this section. The mixing 
angle ĝe is called the Cabibbo angle. Because of this rotation, the weak in- 
teraction effective Lagrangian coupling quarks to quarks actually contains a 
number of terms, of which a particularly important one is 


_4Gr 


AL a cos 6, sin 6.(dpy"ur) (UL ypSL)- (18.31) 
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This term allows the s quarks to decay through the process s — utid. Similarly, 
the rotation of (18.28) produces the effective interaction 


cr sin Qe(lL Y VLA TLYuSL), (18.32) 
which leads to the decay s — uvé. These weak interaction processes are re- 
ferred to as nonleptonic and semileptonic decay processes, respectively. Sim- 
ilar expressions apply to the other heavy quarks. 

Given that (18.31) and (18.32) describe the weak interaction coupling of 
the s quark at a fundamental level, we now discuss the modification of these 
couplings by QCD logarithms. We have seen in the previous section that QCD 
corrections have a profound effect in enhancing the strength of the quark 
mass term of the underlying Lagrangian. We will now investigate whether the 
strength of the weak interactions can receive a similar enhancement. 

We first consider the semileptonic weak interaction operator (18.32). The 
leptonic fermion bilinear is not affected by QCD, so the QCD enhancement 
of this operator is just the same as that of its quark component 


ULYpSL- (18.33) 


AL= 


However, this operator is a current and so has y = 0. In terms of diagrams, 
the logarithmic enhancement resulting from the diagram shown in Fig. 18.2 
is canceled by the quark field-strength renormalization, as we saw already in 
our discussion of the current vertex is Section 18.1. The left-handed projector 
$(1 — 75) commutes through the diagram and has no effect on the final result. 
The same remark applies to the semileptonic weak interaction that links u 
and d quarks. It implies, for that case, that the normalization of the cross 
sections for deep inelastic neutrino scattering given in (17.35) is not affected 
by QCD logarithms. 

In the case of nonleptonic weak interactions, however, the effect of QCD is 
not so simple. Let us first compute the Feynman diagrams that give the leading 
corrections to the renormalization of the weak interaction vertex (18.31) and 
then, at a later stage, build up the renormalization group interpretation of 
these results. 

At order as, the nonleptonic weak interaction vertex receives corrections 
from the diagrams shown in Fig. 18.3. Notice that the first diagram is pre- 
cisely the current renormalization found in the semileptonic case. The second 
diagram gives the analogous renormalization of the second quark current. In 
the computation of y, these two contributions cancel the contributions from 
the field-strength renormalization of the four quark fields. The remaining four 
diagrams of Fig. 18.3 are new contributions which contribute potentially large 
rescaling factors. 

We now compute these diagrams, beginning with the third diagram in Fig. 
18.3. As in the computation of Section 18.1, we are interested in the logarith- 
mically divergent contribution associated with values of the loop momentum 
k much larger than the external momenta. The simplest way to extract this 
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g 


Figure 18.2. QCD correction to the strength of the semileptonic weak in- 
teraction vertex. 


LXXX 


Figure 18.3. QCD corrections to the strength of the nonleptonic weak in- 
teraction vertex. 


contribution is to compute each diagram in the approximation of zero exter- 
nal momentum. In writing the expression for these diagrams, we will omit the 
prefactor 


4G F 
v2 


We will retain the quark fields to represent the external states, so that our 
final expressions will have the form of rescaled operators. 
Using this notation, the third diagram in Fig. 18.3 has the value 


X$- le dk 2 (lytt Erur) (arnt Es) (18.35) 


Using the symmetry of the k integral, we extract the divergent piece: 


d*k r d 
X = ig Jar $ 5 (dry tey Aytur) (Ur ywt YS) 
oe 


pa o 
4 a yt yòt uL) (uit Yn pSL)- 


cos ĝe sin ĝe- (18.34) 


(18.36) 


Nip 


To put the product of quark fields into a more familiar form, we apply the 
Fierz transformation discussed at the end of Section 3.4. If the color matrices 
t° were not present, the product of fermion fields would be exactly the one 
appearing in (3.82), and we would find 


(diy yur) (GL WIA YpsL) = lôdry ULL YSL. (18.37) 


The matrices t° redirect the color quantum numbers of the quark fields. 
To clarify this, we need the analogue of identity (3.77) for color. To find this 
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identity, consider the color invariant 
(tJi (tee. (18.38) 


The indices i, k transform according to the 3 representation of color; the 
indices j, Z transform according to the 3. Thus, (18.38) must be a linear 
combination of the two possible ways to contract these indices, 


Aôitôkj + Boizbre- (18.39) 


The constants A and B can be determined by contracting (18.38) and (18.39) 
with 6;; and with 6;, and adjusting A and B so that the contractions of 
(18.39) obey the identities 


tr[t*](t2) xe = 0; (tt Jie = Fie. (18.40) 
This gives the identity 
(tJia (t Jre = 5 (Siedny — 5 6ij Ske). (18.41) 


A similar relation holds for the generators of SU(N) in the fundamental rep- 
resentation, with (1/3) replaced by (1/N) in that case. 

Inserting (18.41) into (18.36), we find that the first term of the identity 
generates a new four-fermion operator, 


(drig y uri) (BL WIWSLi), (18.42) 
where 7, j are color indices. Applying the Fierz rearrangement in (18.37), 


and then applying the additional rearrangement (3.79), we can convert this 
operator to the form 


16(driy uL) (Lj YvSLi) = 16(ürjyy uL (dli YvS Li). (18.43) 
The minus sign in (3.79) is compensated by a minus sign from interchanging 
the order of fermion fields. The final result is a product of color-singlet quark 
currents; however, the fields in these currents are associated differently from 


the original operator. 
The final result of our evaluation of this diagram is 


T(2—-4) - - 
_ 2 2) 51. 1 Lom 
X —4g TE [ür y uLdLYusL — dry" urūryusL]. (18.44) 


The fourth diagram of Fig. 18.3 gives precisely the same contribution. 
The evaluation of the last two diagrams in Fig. 18.3 is quite similar. The 
fifth diagram gives 


K -f TE = 5 (dn9” t E rur) (artt Enut"sr) 


dtk 2 d _ a 
= ~ig aR I) TE 3 (dry teary Mur) (Urrypt YWwSL) 


g? T(2- 3) Nota, 
= — vya H u K . 4 
49 4 (any? (diy yy uL) (ŭLYut YAWSL) (18.45) 
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The four-fermion operator can be simplified as follows, by the use of the Fierz 
identity (3.79): 
(diy? yur) (Br wr wse) = Hdr aws) (Er UL) 
= +(—2)?(diysz) (UL yt) (18.46) 
= 4(dr y uL) TLYpSL). 


Again, we must reduce the product of color matrices using identity (18.41), 
and, again, the first term of this identity will require an additional Fierz 
transformation. The final result is 


` _ 2T(2—-$) l> aH 7 LF Aha a 
= +g ny 2 ULY ULaLYpSL = gaLy ULÜLYpSL]- (18.47) 


The last diagram in Fig. 18.3 gives an identical contribution. The sum of the 
contributions from these four diagrams is 


r(2-3) 
(47)? 


The extraction of the ultraviolet-divergent pieces of the diagrams of Fig. 
18.3 is part of our formal prescription for computing the Callan-Symanzik y 
function of the weak interaction vertex. However, it is useful to pause at this 
point and ask about the physical significance of this divergence. The diagrams 
of Fig. 18.3 would not be divergent if we computed them in the underlying 
theory with W bosons. In writing the weak interaction as an effective local 
vertex, we approximated the W boson propagator by a constant, assuming 
that the momentum k that it carried was much less than mw: 


1 — 
ZL, (18.49) 


—3g? [üL y urd YuSL — gdp yhurtirypsy]- (18.48) 


The approximation we used to compute the QCD corrections to the effective 
vertex is valid only in the region of integration where k? < m%,. Outside this 
region we must use the full W propagator; this introduces an extra factor 
of k? in the denominator and makes the integral converge. Thus, in a direct 
calculation of the QCD correction, the ultraviolet-divergent terms in the eval- 
uation of Fig. 18.3 would be replaced by logarithms cut off at my. The lower 
limit of the logarithm is set by the external momenta. In the decay of a K 
meson—the lightest hadron containing the s quark—these are of order mx. 
Thus the correction given in (18.48) should be evaluated by replacing 


I (2-$) , Os miy 
(4r)? Ar m? 


(18.50) 


With this interpretation, we can rewrite (18.48) as the order-a, correction 
to the leading-order weak interaction vertex. The effect of this correction is 
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the rescaling and modification of the weak interaction operator: 


dy urt Yus > 


2 2 
Qs mw \ > _ Os Mwy \ d 
(1 + Tr log mi Men 8 — (E log ma Jūr urdryusr. 


(18.51) 

Notice that the QCD corrections not only rescale the normalization of the 

original operator but also introduce a new operator with a different struc- 

ture. This calculation makes concrete the idea introduced in Section 12.4 that 

the diagrams that change the normalization of local operators may also mix 

together different operators with the same dimension and quantum numbers. 

Since the value of the logarithm in (18.50) is about 10, the size of the lead- 

ing QCD correction is of order 1 and so higher-order corrections are important. 

To sum the leading logarithmic corrections, we return to the renormalization 
group analysis. For clarity, define 


0O! = dLYÄULULYpuSL; 0O? = ULY ULİLYuSL. (18.52) 


We will use the subscript 0 to denote bare operators and the subscript M to 
denote operators obeying renormalization conditions at the scale M. From the 
diagrams of Fig. 18.3, we have found that the operator whose matrix elements 
have the quark structure of O', properly normalized at the scale M, is given 
by 

Ou = OL + 6"0) + 6702, (18.53) 


where the 6% are counterterms, 


g T(2-§) g T(2-§) 


oil = 6 = 43 . 54 
(4r)? (M2)2-472" (4r)? (M2)2-4/2 (18.54) 

A reciprocal calculation gives O7, in terms of bare operators: 
OF, = O02 + 670) + 6202, (18.55) 


with 


521 = 612 §22 — gil. 


Then, in the manner than we discussed in Eq. (12.109), the operator rescaling 
of O! and O? is described in the Callan-Symanzik equation by a matrix y 
linking the two operators. Expanding this equation to first order in g?, we see 
that this matrix is given to one-loop order by 


vi = Mz—[-6"]. (18.56) 
Thus we find 2 
_ g —2 6 
Y= Gap ( 6 S) (18.57) 


acting on the space of operators O!, O?. 
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The simplest way to deduce the physical effects of the rescaling described 
by (18.57) is to diagonalize this matrix and thus find a new basis of operators 
that are rescaled without mixing. For the matrix (18.57), the eigenoperators 
are easily seen to be 


01/2 — 
03/2 — 


[dry UL ŪLYuSL — üryurdLYusL], (18 58) 


Nie ble 


[dL y ULUL Yus L + üy urde Yus L] . 


The superscripts on these operators are their isospin quantum numbers. The 
operator O!/? is antisymmetric under the interchange of the labels d and ti; 
thus, these two isospin-1/2 fields are combined to total isospin zero, and so 
the whole operator is isospin-1/2. This operator can mediate decays of the K 
meson that change the isospin by 1/2 unit, such as K° — mtr, but not pro- 
cesses that change the isospin by 3/2, such as K+ — a*+7°. Experimentally, 
processes of the former type occur almost a thousand times faster (an obser- 
vation called the AI = 1/2 rule). Thus, it is interesting that the hard QCD 
corrections already make a distinction between these operators. 

From the eigenvalues of (18.57), we obtain the Callan-Symanzik y func- 
tions of the eigenoperators (18.58): 


g’ g’ 
V1/2 = Sa 73/2 = ae (18.59) 


According to Eqs. (18.24) and (18.25), this implies that the operator O1/? 
receives an enhancement from hard QCD logarithms, while the operator 03/2 
receives a suppression. More explicitly, we can write the operator that appears 
in the original nonleptonic weak interaction vertex (18.31) as 


[dry uLtirypnsey| lew = [0"?] lew + [0°] (18.60) 


mw 
As above, the subscript refers to the mass scale at which the operator is 
normalized. We now account for the QCD logarithms associated with evalu- 
ating the matrix element of this operator at a lower momentum scale, mx, 
by replacing the operators on the right-hand side of (18.60) with operators 
renormalized at mg, with the rescaling factor (18.25). This gives 


_ [log my ADN ay 
mw nan) jon] 
(log iy ADN? aay 
(ee) lo j 


where, again, bọ = 11 — Bng. This equation shows that, unlike the case of 
semileptonic weak interactions, the overall normalization of the effective La- 
grangian for nonleptonic weak interactions is changed by QCD logarithms. In 
addition, the quark structure of the effective Lagrangian is altered. 


[dry urt YuSL] 
mK 


(18.61) 


? 
mK 
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Quantitatively, taking ns = 4 and A = 150 MeV as an illustration, we 
find 


=2.1[0'/” 


my le 


+0.70] (18.62) 


MK 


[dry uLūLYuSL] 


Thus, the QCD logarithmic corrections from mw to mg give the AI = 1/2 
part of the effective vertex an enhancement of about a factor of 3.* The 
observed AI = 1/2 rule in K decays requires a factor of 20 enhancement. 
However, part of this is expected to arise from the ratio of the matrix elements 
of the operators On? and OF? between physical hadron states, which are 
determined by the soft, nonperturbative part of QCD dynamics. 


18.3 The Operator Product Expansion 


One way to describe the development of the previous section is to say that 
we studied an interaction that was fundamentally a product of currents by 
replacing this product of operators with a single local operator. We then 
derived the physical consequences of the original, composite, interaction by 
working out the QCD rescaling of this operator. The procedure of replacing a 
product of operators with a single effective vertex is useful in many contexts 
in quantum field theory. Thus, in this section, we will pause from our study 
of QCD to write out the general formalism governing this procedure. 

Let us abstract the situation described in the previous section as follows: 
Consider a quantum field theory process that includes two operators O,, O2 
separated by a small distance x, together with other fields d(y;) located much 
farther away, or together with external physical states. In the example above, 
the two operators are the quark currents that appear in the weak interaction 
vertex, and their separation x is a distance of order mg, the range of the 
W propagator. The external states, which contain K and m mesons, can be 
described by operators that create and destroy these particles. The amplitude 
for K decay by the weak interactions, or any more general process of this 
class, can then be extracted from the Green’s function 


Gi2(@ Y1, Ym) = (O1(#)O2(0)O(u1) Plym), (18.63) 


considered in the limit x — 0, with the y; fixed away from the origin. Here 
and in the following discussion, products of operators will be considered to be 
time-ordered, just as we would find by writing the product of fields under the 
functional integral. 

The product of operators O)(2)O2(0) can potentially create. the most 
general local disturbance in the vicinity of the point 0. However, any such dis- 
turbance can be described as the effect of a local operator placed at 0. This 


*M. K. Gaillard and B. W. Lee, Phys. Rev. Lett. 33, 108 (1974); G. Altarelli and 
L. Maiani, Phys. Lett. 52B, 351 (1974). 
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local operator must have the global symmetry quantum numbers of the prod- 
uct of O, Os, but it is otherwise unrestricted. It is useful to write this operator 
as a linear combination of operators from a standard basis. The coefficients in 
this linear combination can depend on the separation x. Typically, products 
of operators in quantum field theory are singular, so it is likely that some of 
the coefficients will have singularities as x — 0. Combining these observations, 
Wilson proposed that the effects of the operator product could be computed 
by replacing the product of operators in (18.63) with a linear combination of 
local operators, 


Or( > C15" (x)O,,(0), (18.64) 


where the coefficients Cig (x) are c-number functions. This operator product 
expansion (OPE) will depend only on the operators O1, O2, and their sepa- 
ration and will be independent of the identity and location of the other fields 
appearing in the Green’s function. 

The expansion (18.64) implies that the Green’s function (18.63) can be 
expanded for small a as follows: 


Gil; Y1,°++ Ym) = Leis z) nly: Ym ), (18.65) 


where 


and all of the dependence on zg is now carried by the OPE coefficient functions. 
In the example of the previous section, the final amplitudes depended in a 
rather involved way on the small separation of the two operators, through 
the dependence of the coefficients in (18.61) on my. From the viewpoint of 
the operator product expansion, this dependence is carried by the coefficient 
functions and is determined for all matrix elements when these are computed. 

In Sections 18.1 and 18.2, we used the renormalization group to compute 
the enhancement or suppression factors for operator matrix elements. Thus it 
is natural to expect that the form of the operator product coefficients is also 
determined by the renormalization group. We will now work out this relation. 
To begin, we rewrite the expansion (18.64) more precisely. The operators that 
appear in this relation must be defined at some renormalization scale M. Then 
the operator product expansion reads: 


[Or («)] y [02(0)] y = X Ci (2; M) [On (0)] yy (18.67) 


Note that the coefficient functions can depend on M, since they must absorb 
the M-dependent operator rescalings. If we use the left-hand side of (18.67) 
to compute ee this function obeys the Callan-Symanzik equation 


[m2 ƏM +85, tmy +714 ye] Gio yr; s Ym; M) =0. (18.68) 
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Similarly, with the operator O,, normalized at M, the Green’s function (18.66) 
obeys 
[M2 + E + my + an] aly thas M) = 0. (18.69) 
aM ag ’ ’ ’ 
By applying (18.68) to the right-hand side of (18.65), we see that these re- 
lations are consistent only if the OPE coefficient functions obey the Callan- 
Symanzik equation 


o o 
M H 
| OM Pg 
We now solve this equation by our standard methods. First, let us apply 


dimensional analysis. If the operators O,, O2, O, have dimensions d1, do, dy, 


tyty Ma] C, (2; M) =0. (18.70) 


the coefficient function Ci (x) must have the dimensions of (mass)%+42~4n, 
Thus, 
1 \ditda-dn ~ 
C(x) = (a) C(«M), (18.71) 


where C (xM) is a dimensionless function. This function is determined from 
(18.70) according to the method of Section 12.3. Thus, 


M 


c(g(1/2)) xp] [doen m-n), (18.72) 
1/a 


C(e) = ( 1 yee 


|z] 


with c(g) a dimensionless function of the running coupling constant at the 
separation scale 1/x. 

At a fixed point of the renormalization group, the y functions would take 
definite values 7;. = 7;(g«). Then, the solution (18.72) can be evaluated as 


1 y" +d2—dn 


Cız (2) = ( c(gx) exp flog) (ne = yix — v2). (18.73) 


[æl 


Thus, in this case, 


a 1 \a}+d3—ay 
Ciz (a) ~ (a) , (18.74) 
where 
d; = dj + yj (g«) (18.75) 


is the true scaling dimension of the operator O; at the fixed point. 

For the case of an asymptotically free theory, the scaling relation is com- 
plicated in the way that we worked out in Section 18.1. In the leading order 
of perturbation theory, the three y functions take the form (18.24). Then the 
solution of (18.72) takes the form 


1 yee (kro 


Cig (a) ~ (a log(M2/A2) (18.76) 
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In the example of Section 18.2, the original operators were currents with 
dimension 3 and y = 0, at separation my, and the final local operators had 
dimension 6. Thus, (18.76) does properly reproduce the dependence of (18.61) 
on my. Notice that the renormalization group dependence is less complicated 
for a product of currents, which have a fixed normalization independent of 
scale. This special case occurs often in applications of the operator product 
expansion. 

We have written Eq. (18.70) without taking account of operator mixing. 
However, as we have already seen, operator mixing is often an essential part 
of the applications of the OPE. It is straightforward to include this effect by 
rewriting the analysis that leads to (18.70) using matrix-valued y functions. 
For example, with operator mixing, the Callan-Symanzik equation for Gy, will 
be modified to 


ð ð 
[6n (Ma7 + 95, + my) + Yap] Gp(Y1, Ym; M) =0. (18.77) 
With these changes, (18.70) becomes 


a a 
M>— + 82 |Ciz (2; M a 
| ðM +A] 12 (a M) + eC po" (2; M) (18.78) 


+ y2kC ik (2; M) — YenCys* (23M) = 0. 


Notice that the first two y matrices act on the OPE coefficient from the left, 
while the third acts from the right. In the case of a product of currents, the 
first two y matrices vanish and (18.78) simplifies to 


Ə ðI, 
Mou * 85, |Cu (z; M) — Cif (2; MYYkn = 0. (18.79) 


This equation will play an important role in the analysis of Section 18.5. 


18.4 Operator Analysis of ete~ Annihilation 


It is not difficult to imagine that there is a connection between matrix elements 
in which currents are placed at short distances from one another and matrix 
elements in which currents deliver a hard momentum transfer. Thus we might 
expect that the idea of the operator product expansion will give us a new 
viewpoint from which to understand the theory of hard-scattering processes 
in QCD. In this section and the next, we will work out the relation of the 
operator product expansion to the perturbative QCD analysis of Chapter 17. 

We begin by discussing the total cross section for ete~ annihilation to 
hadrons. Below Eq. (17.9), we argued that this total cross section could be 
computed in QCD perturbation theory, using a value of a, corresponding to 
the scale of the total center of mass energy. However, this argument was a 
purely intuitive one, with many logical jumps. In this section, we will give a 
more rigorous argument to the same conclusion. 
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Figure 18.4. Diagrams whose imaginary part yields the total cross section 
for ete — hadrons. 


In order to invoke the operator product expansion, we must write the 
total cross section for ete~ annihilation to hadrons as the matrix element of 
a product of currents. To do this, we use the optical theorem to relate the 
total ete” scattering cross section to the forward scattering amplitude for 
ete” — ete”. Ignoring the mass of the electron, we see from Eq. (7.49) that 


a(ete )= 5; ImM(ete- ete). (18.80) 
To compute the cross section for ete — hadrons, we consider in the compu- 
tation of the imaginary part only the contributions from hadronic intermediate 
states. To leading order in a, but to all orders in the strong interactions, these 
contributions come from considering only diagrams of the form of Fig. 18.4, 
and taking the imaginary part of the hadronic contributions to the vacuum 
polarization. 

The value of the diagrams shown in Fig. 18.4 is 


iM = (—ie)?a(k)y0(k.)— (Ea) (ky wl), (1881) 


where s = q? and II” (q) is the hadronic part of the vacuum polarization. By 
the Ward identity, this can be written 


TRY (g) = (g — aq” a(g’). (18.82) 


The qq” terms give zero when contracted with the external electron currents, 
so only the g#” term survives. To evaluate the electron spinor part of (18.81), 
we use the fact that, in this forward scattering amplitude, the initial and final 
momenta and spins are set equal. Then, averaging over the initial spin gives 


1 1 _ _ 1 
3°95 ulk)ytolks OKs) yuk) = 1 tr [K Ka] 
spins 
1 18.83 
=i aak) CSS 
=-s, 
Thus, we find 


4 
a(e*e” — hadrons) = -2S Im Ma (8). (18.84) 


18.4 Operator Analysis of ebe~ Annihilation 617 


To check this result, we can look back to the one-loop value of IT in QED 
(7.91), or to the imaginary part of this expression given in Eq. (7.92): 


T 


Im? y 2m? 
ImII(s + ie) = 5 1-2 (1 Taiki ). (18.85) 


S S 


Combining (18.85) with (18.84), we obtain the correct leading-order cross 
section for production of a new heavy lepton in ete~ annihilation, 


Ana? Am? 2m? 
a(ete > LL) = T a- (1 pa ). 


18.86 
38 8 ( ) 


s 

If we multiply (18.86) by a factor of 3 for color and sum over quark flavors 
with the squares of the quark charges, we obtain the leading-order prediction 
of QCD. 

Now that we have relation (18.84), we complete the connection we wished 
to prove by noting that the hadronic vacuum polarization is simply a matrix 
element of a product of currents. Let J” be the electromagnetic current of 
quarks, 


Je =X Qaa. (18.87) 
7 


Then 
i,” (q) = -e fats ete (O/T { I(x) J” (0)} |0). (18.88) 


In the limit in which the point x approaches 0, we can reduce the product 
of currents by applying the operator product expansion. Since we will be 
taking the vacuum expectation value of the product, we need only list the 
contribution from operators that are gauge-invariant Lorentz scalars. Thus, 


In(x) IO) ~ Cpu (2) 14+C,,,%(x)Gq(0) + Cy! (a)(FSg)?(0) +--+. (18.89) 


Note that we have included the operator 1 on the right-hand side, and the 
next possible operators in QCD have dimension 3 and 4, respectively. Since 
the operator gq violates chiral symmetry, its coefficient function must have an 
explicit factor of the quark mass. Thus, by dimensional analysis, 


Cu wa, CM eme?, OF wa, (18.90) 


and the higher terms in the series are less singular as x — 0. 

To compute T}” (q), we need the Fourier transform of the product of cur- 
rents. Assuming that this Fourier transform is indeed dominated by the limit 
of short distances, we can compute it by Fourier-transforming the individual 
OPE coefficients. Since the currents are conserved, the individual terms in the 
OPE must give zero when dotted with q”. Thus the transformed OPE takes 
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the form 
—e? / d'z et J" (x) J” (0) 


— ie? (q? gt” _ gq’) [e'(q”) -1 + ci (q?) . maq + cf (È) . (F24)° +- ‘|, 

(18.91) 

where the ¢ are Lorentz-invariant c-number functions of q?, and the factor of 

i at the beginning of the second line is inserted as a convenient convention. 
By dimensional analysis, we find 


Aa (PP Ma (Py, E g? (18.92) 
and the higher terms are more irrelevant for large q. 
The OPE coefficients c’(q”) can be computed from Feynman diagrams. 
As shown in Fig. 18.5, the coefficient of the operator 1 is the sum of diagrams 
with no external legs other than the current insertions. The leading QCD 
diagram is just the simple vacuum polarization diagram, multiplied by the 
color factor 3 and the sum of the squares of the quark charges. Combining 
these factors with Eq. (7.91), we have 


cl(q’) S-E): = log(— Ê). (18.93) 


The corrections to this result are of order œs(q°). The higher coefficient func- 
tions are extracted from diagrams with more external legs. For example, the 
coefficient function of (Fa,)? is determined by diagrams with two external 
gluon legs. 

Still assuming that the Fourier transform of the product of currents can be 
computed from the OPE for the region of large timelike q?, we can complete 
our evaluation of the cross section for e*e~ — hadrons by taking the vacuum 
expectation value of (18.91), extracting the imaginary parts of the coefficient 
functions, and substituting the result into (18.84). We find 
2 


4 
+e” — hadrons) = rm 


ale [Im ct (q?) + Im e#(q?) (0| måg |0) 


(18.94) 
+ Ime" (g?) (0| (F86)? 10) +-+]. 

The first term of this series is just the result of summing perturbative QCD 
diagrams for the e*eT total cross section. The additional terms give correc- 
tions to this result which depend on soft hadronic matrix elements, but these 
corrections are explicitly suppressed at high energy by factors (q?)~?. (Inci- 
dentally, this expansion, which applies equally well in the absence of QCD 
interactions, explains why (18.86) contains no term of order s7? when ex- 
panded for large s.) If we insert the leading-order expression (18.93) into 
(18.94), we obtain the familiar result 


+ 


4 2 
a(e*e — hadrons) = ma DQ. (18.95) 
s 
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Figure 18.5. Feynman diagrams contributing the operator product coeffi- 
cient, in the expansion of the product of currents, for the operator (a) 1; (b) 
aa; (€) (Fg)?. 


Our result (18.94) is pleasing, but the logic that led us to it was not 
correct. To compute the ete~ total cross section, we must compute IT),(q’) 
in the region of large timelike momentum q, where the expectation value of 
the product of currents is dominated by intermediate states of high energy, 
involving large numbers of physical hadrons. Thus we need T (q°) in precisely 
the region where it is not dominated by short-distance perturbations of the 
quark and gluon fields. To compute the product of currents from the short- 
distance expansion, we choose kinematic conditions such that the intermediate 
states that enter the computation of the product of currents are far off-shell, 
so that they cannot propagate far from the converging points x and 0. This 
condition is satisfied at large spacelike momentum, or, equivalently, at small 
spacelike separation. However, it seems at first sight that a computation in 
this region is useless for determination of the ete7 cross section. 

Fortunately, there is a wonderful trick for relating the values of a quantum 
field theory amplitude in two well-separated kinematic regions. This trick, 
called the method of dispersion relations, makes use of the general analytic 
properties of the amplitude. Since (18.88) is the Fourier transform of a two- 
point correlation function, we know from the analysis of Section 7.1 that 
IIn (q?) possesses a Kallén-Lehmann spectral representation. Thus, Ma (q?) is 
an analytic function of q? with a branch cut on the positive q? axis and no 
other singularities in the complex q? plane. This analytic structure is shown in 
Fig. 18.6. The discontinuity of Ia (q°) across the branch cut is (2i) times the 
imaginary part of I, and so is directly related to the total ete~ annihilation 
cross section. 

With this additional knowledge about II;,(q?), we can argue as follows. 
Let q? = —Q? be a value sufficiently far into the spacelike region of q that 
the Fourier transform of the product of currents can be computed from the 
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È 


Figure 18.6. Analytic singularities of II} (q?) in the complex q? plane. 


operator product expansion. Now consider the integral 


In= sra f dg’ 1 TIn (g?) (18.96) 
n= ani (@? + QRT MT) : 
for n > 1, evaluated on a contour encircling q? = —Q3. If we contract the 


contour onto the pole, we find 
1 @& 


n= gr , (18.97) 


g=-Q2 


which can be computed by evaluating II, from the the operator product re- 
lation (18.91), 


Ha (g?) = —e” [el (q?) + e%(q?) (0| maq|0) + c7 (a°) (0) (Fa)? 10) +-+]. 
(18.98) 
On the other hand, we can evaluate the integral by distorting the contour to 
the form of Fig. 18.7. Since none of the coefficient functions grow faster than 
(4°)? times logarithms as q? — oo, the contour at infinity can be neglected 
for n > 1. The piece of the contour that wraps around the branch cut gives 


dq? 1 . 2 
n = —4 Dis 
I ra f Iri Q + OA) isc H, (q^) 


dq? 1 l. 2 
= ara | G ET imme) (18.99) 
~ fas GTO a(s). 
0 
This is an integral over the total cross section for ete~ — hadrons. By equat- 


ing (18.97) and (18.99), we obtain a series of integral relations between the 
OPE coefficients, evaluated in QCD perturbation theory, and the observable 
cross section. These relations, which were first constructed by Novikov, Shif- 
man, Voloshin, Vainshtein, and Zakharov, are known as the ITEP sum rules. 


İThe theory of these sum rules is reviewed in V. A. Novikov, L. B. Okun, M. A. 
Shifman, A. I. Vainshtein, M. B. Voloshin, and V. I. Zakharov, Phys. Repts. 41, 1 
(1978). 
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~ È 
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Figure 18.7. Contour of integration involved in the derivation of the ITEP 
sum rules for o(ete7 — hadrons). 


Evaluating the sum rules with only the leading QCD expression for c! (4°), we 
find 


Ana 


— Ê og s) = Ano? 2 a 2 2\-2 l 
J” (s + Q0)” +! (s) na 5 +01 s(Qo)) + OQS) ”). (18-100) 


The leading-order relation is consistent with the lowest-order cross section 
given in Eq. (18.95). The corrections come from higher orders of QCD per- 
turbation theory, with a, taken at the scale Q2, and from the higher operator 
terms in the OPE. 

If the correction terms in (18.100) converged to zero uniformly in n, we 
could invert the sum rules and derive from them our result (18.94). However, 
the true situation is more subtle. Because the derivatives in (18.97) empha- 
size terms with stronger q? variation, the correction terms in the ITEP sum 
rules are more and more important as n increases. Thus the most important 
deviations of the cross section from the prediction of QCD perturbation the- 
ory are oscillations about this prediction, which average out in the sum rules 
for low n. The comparison of theory and experiment is shown in Fig. 18.8. At 
large s, (18.94) is quite accurate. As s becomes smaller, however, the oscilla- 
tions grow in size. Eventually, they come to dominate the total cross section 
as the resonances associated with quark-antiquark bound states. 


18.5 Operator Analysis of Deep Inelastic Scattering 


We now apply the operator product expansion to another example of a QCD 
hard-scattering process, deep inelastic electron scattering. In Chapter 17 we 
found that the predictions of QCD for deep inelastic scattering are precise 
but also intricate in structure. At a first level, QCD implies that deep inelas- 
tic scattering is described by the parton model, in which the incident electron 
scatters from quarks and antiquarks that carry fractions of the total momen- 
tum of the proton. These fractions are determined by parton distribution 
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o(hadrons)/o(ut u7) 
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Figure 18.8. Experimental measurements of the total cross section for the 
reaction ete~ — hadrons at energies below 3 GeV, compared to the predic- 
tion of perturbative QCD for 3 quark flavors. The data are taken from the 
compilation of M. Swartz, Phys. Rev. D53, 5268 (1996). Complete references 
to the various results are given there. 


functions, which reflect the form of the proton wavefunction and are deter- 
mined by soft QCD dynamics. However, we saw in Section 17.5 that effects of 
QCD perturbation theory cause the parton distributions to change their form 
as a function of the momentum transfer Q?. We will now show that much of 
this picture can be reconstructed from our new viewpoint, using the operator 
product expansion. 

In the previous section, we derived the OPE relations for the ete~ an- 
nihilation cross section in three steps. First, we used the optical theorem to 
relate this cross section to a matrix element of a product of currents. Second, 
we applied the operator product expansion to the product of currents. Unfor- 
tunately, this expansion could be used only in an unphysical kinematic region. 
However, in the third step, we used the method of dispersion relations to con- 
nect this unphysical result to an integral over the cross section we wished to 
predict. In our discussion of deep inelastic scattering, we will go through these 
same three steps. To obtain our final result, we will need to add a fourth step, 
involving QCD operator rescaling. 
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Figure 18.9. Computation of the cross section for deep inelastic electron 
scattering: (a) general structure of the amplitudes; (b) application of the 
optical theorem. 


Kinematics of Deep Inelastic Scattering 


We begin by writing a general expression for the deep inelastic scattering cross 
section. The matrix element for deep inelastic electron scattering to a final 
state f is computed as shown in Fig. 18.9(a): 


iM(ep > ef) = (ie) a(R" uC k) = (ie) J dtz eit? (f| (x) |P), (18.101) 


where J”(x) is the quark electromagnetic current (18.87). The core of this 
expression is the hadronic matrix element of the current between the proton 
and some high-energy hadronic state. This matrix element must be squared 
and summed over possible final states. That sum can be computed, using the 
optical theorem, by relating it to the forward matrix element of two currents 
in the proton state, as shown in Fig. 18.9({b). Define 


we = ifats et (P|\T{J#(x) J’ (0)} |P}, (18.102) 


averaged over the spin of the proton. This object is known as the forward 
Compton amplitude, since if it is evaluated at q? = 0 and contracted with 
physical polarization vectors, it gives the forward amplitude for photon-proton 
scattering: 


iM(yp — yp) = (ie) e (gela) (iW (P, q)). (18.103) 


However, in the following discussion we will need to analyze (18.102) for gen- 
eral spacelike q and for general polarization states. 
The optical theorem for Compton scattering from a proton is 


21m Mop =>) = > fatty Map = DÈ. (18.104) 
f 
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In the generalization given in (7.49), this result extends to the more general 
situation in which the initial and final photon polarizations can differ arbi- 
trarily. Transcribing (18.104) to W#”, we find 


21m W"(P,q) = D fans (PIJO Lf) GLIA IP), (18-105) 


where J” (q) is the Fourier transform of the current. 

We can now compute the deep inelastic cross section in terms of W#”, 
using (18.105) to represent the square of the last factor. The cross section 
should be averaged over initial and summed over final electron spins. Thus, 


3 If 
alep + eX) = 5 | aapa D BO WH rout) 
spins (18.106) 
(Ga) -2ImW?"(P, gq). 


The electron spinor product can be evaluated as 


1 Y [a(k) yuk )U(k)yu(k)] = E tr [kyky] 
spins (18.107) 
= 2(kukl, + kyk’, — guk - k’). 


It is useful to convert the integral over the final electron momentum k’ and 
scattering angle # to an integral over the dimensionless variables x and y that 
we introduced in Section 17.3. These variables are given in terms of the initial 
and final electron energies k and k’ by 


Q? 2kk'(1 — cos 8) 2P-q k-k 
= = =-2 1 . 18.1 
TEP  2m(k- k)? VTP k k (18.108) 
Then 
a(x, y) 2k' 2k' 
= = 18.109 
ee 8) mk—k) ys’ (18.109) 
and so 
ak’ 1 2rdk'k'dcos @ 
= dzd 18.110 
Jern | a > ener (18.110) 
Using (18.107) and (18.110) to simplify (18.106), we find 
do 2a?y v 
Trd (ep = eX) Q7 (kuki, | koki, Iuvk: k’) Im W#”(P,q). (18.111) 


To go further, we need to know something about the structure of W#”. In 
the previous section, we used current conservation to write the matrix element 
of currents in terms of a single scalar function II,(q?), as in Eq. (18.82). In 
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the case of the forward Compton amplitude, the Ward identity again requires 
Qu W” = qW" =0, (18.112) 


but now there are two possible tensors built from P and q that satisfy these 
constraints. Thus the forward Compton amplitude is written as an expression 
involving two scalar form factors: 


we = ( git v4 oe ym (Pr gt 2) (Pe - 4) wa (18.113) 


The scalar functions W,, W2 depend on the two invariants of the problem, 
(P - q) and ¢’, or, alternatively, z and Q?. If we insert (18.113) into (18.111) 
and use the fact that dotting q” with the lepton tensor gives zero, we find 


? 2a? 
do ZY [2k Pk’. PIm W + 2k- k' Im Wi] 
2 


Jedy P >eX)= Q 
a y 


= g (1 — y) Im W3 + 2zys Im Wi]. 

Expression (18.114) is completely general and makes no assumptions 
about the nature of the strong interactions. It is also rather formal. How- 
ever, we can easily get an idea of the relation of this formula to our earlier 
analysis by evaluating W#” in the parton model and working out the parton 
expressions for W, and We. In the parton model, we replace the proton ma- 
trix element in (18.102) by a sum of quark matrix elements, weighted with 
the parton distribution functions. Thus, 


(18.114) 


we wi [dtoele fegno; © (as(p)| T{ I" EIO} las) 
Noe =P 

(18.115) 
The factor (1/€) in front of the matrix element gives the proper normalization 
of the proton state in terms of the quark states. The simplest way to under- 
stand this factor is to note that the kinematic prefactor (1/2s) in (18.106) and 
in other expressions involving an initial-state proton becomes (1/2€s), under 
the € integral, in the parton model. 

We now evaluate the matrix element in (18.115) using noninteracting 
fermions. There are two Feynman diagrams, shown in Fig. 18.10. The first 
diagram on the right in Fig. 18.10 has the value 


| Lio u WO) 
ijd) Freze" z — vulp); (18.116) 
J 2 E f (p+q) + te 


the second diagram gives a contribution identical to this one after the inter- 
change of q, p with (—q), v. To evaluate (18.116), we average over the quark 
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Figure 18.10. Evaluation of W#” in the parton model. 


spin to find 


—1 
2p-q +g? tie 


fegno OF gew d 


1 
= [EEO -2(p” (p+ 0)” +p (p +0)" -gp (p+4q)) 
0 f 
. P. q- Q? Hic (18.117) 


The imaginary part of this expression, which we need to evaluate (18.114), 
comes from the last factor in (18.117): 


—1 7 yt E 
im(sep-g grk) = 76(2EP-q-Q*) = yes z). (18.118) 


In the second diagram of Fig. 18.10, the two factors in the denominator have 
a relative + sign, so this diagram has no imaginary part in the physical region 
for deep inelastic scattering. Thus, we find that in the parton model, 


mW” = S73 fr (a IE (4a PMP + 20( Ph + PYqit) — gays). 


(18.119) 
By adding and subtracting terms proportional to gq”, we can see that this 
expression is of the form (18.113), with 


mm =r Qae) mW, = = V Qafa). (18.120) 
f f 


The parton model expressions for W and W2 obey the relation 


This is another form of the Callan-Gross relation, since the substitution of 
(18.121) into (18.114) gives 


do 
dzdy 


(ep = eX) = H + (1 — y)°] Im We, (18.122) 


FO 
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with the y dependence characteristic of free fermions, as in Eq. (17.125). 
Finally, substituting from (18.120) for the imaginary part of W2, we recover 
this parton model expression precisely: 

do 2ra?s 


dedy ©? > O) = ~ ga os Qaf) E+- y)?] (18.123) 


This equation will give us a reference point for comparison with more general 
expressions that we will derive as we continue our analysis. 


Expansion of the Operator Product 


Since the forward Compton amplitude is a matrix element of a product of 
currents, an alternative strategy for calculating W#” is to expand this product 
as a series of local operators. Like the parton model evaluation, this method 
makes use of asymptotic freedom. However, in this case, the assumption is 
applied more directly. The computation of the operator product coefficients 
will take place explicitly at a small distance of order 1/Q, and so we can 
calculate these coefficients in a perturbation theory whose coupling constant 
is as(Q?). 

In the previous section, we computed the coefficients of operators that 
contribute to the vacuum expectation value of the product of currents by 
considering the various ways of contracting the quark fields in the product. 
Here, we should note that the operator 1 does not contribute to the Compton 
scattering amplitude. The leading contributions come from operators that can 
create and annihilate quarks in the proton wavefunction. 

The most important terms in the operator product of two currents J” 
come from products of two quark currents @»y"qf with quarks of the same 
flavor. Therefore we will begin by studying the OPE of the individual quark 
currents. To zeroth order in a, the leading terms of the operator product of 
quark currents are given by 


ay" a(x) ay" (0) 


(18.124) 
= G(x)y"4(x)Q(0)y"4(0) + gejala) +, 


where the contractions should be evaluated as Feynman propagators for the 
quark fields. The terms with explicit contractions are singular as z — 0; 
the remaining terms are nonsingular and thus less important in the short- 
distance limit. In the OPE of currents with quarks of different flavor, there 
are no corresponding singular terms; we will argue below that this conclusion 
is valid even beyond the leading order in ag. 

To evaluate W"”’, we must take the Fourier transform of the terms in 
(18.124), as indicated in (18.102). When we do this, we should remember that 
the propagators carry not only the Fourier transform momentum q but also 
whatever momentum is carried in through the quark fields. To take account 
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of this, it is convenient to represent 


[es ela axyy4()4(0)7"4(0) = nn ea), (18.125) 


where the derivatives 0 act to the right on the quark field. Notice that this 
contribution has the structure of the first diagram on the right in Fig. 18.10. 
Similarly, the second contraction indicated in (18.124) has the form of the 
second diagram in Fig. 18.10. 

In the short-distance limit, the momentum q will be larger than any ex- 
ternal momentum entering the quark fields. Thus we should expand 


1 -1 1 Ñ iq- ð= a? yn 
(ðt? Qq- 04 Q > Q? ) . (18.126) 


We will argue below that the terms with 6? in the numerator are unimpor- 
tant and may be dropped. However, we should retain all powers of the ratio 
(2iq -8/Q?). This ratio has Q? in the denominator and so is formally sup- 
pressed in the short-distance limit. However, in the parton model 
2iq-ð 2q-&P 

@ - @ = 
so, eventually, all of these terms must be equally important. We will see how 
this works in a moment. 

The last step required to reduce the operator product (18.124) to a useful 
form is to reduce the product of Dirac matrices. We know from (18.113) 
that, after we average over the proton spin, W“” will be symmetric under 
the interchange of u and v. Thus, it does no harm to symmetrize the OPE. 
We can then reduce the product of three Dirac matrices to one by using the 
identity 


(18.127) 


IEE + yey) = ghey + yl gay — ge, (18.128) 
which is easily proved from the anticommutation relations. By the use of 
(18.126) and (18.128), we can rewrite (18.125) as 


A(G + 9°10") igg ata" +a = 98d) ay (7) 


(18.129) 
We can remove the term (¢@)qg, which vanishes to leading order in az, since 
the quark field obeys the Dirac equation. To compute W, and Wo, we can 
also drop the terms with explicit factors of q”, since these will eventually be 
organized into the general form (18.113). Then, finally, (18.125) takes the form 


[es e'?* (x) y"q(x)q(0)-y"q(0) 


= ~ig(2y"(id") — g” d) a (Ns 


(18.130) 


n=0 
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symuinetrized under u > v. 

The second term in (18.124) differs from the first by the interchange of the 
points x and 0 and the interchange of indices u and v. Its Fourier transform is 
thus given by (18.130) with the replacement q — —q. The complete operator 
product therefore contains only terms even in q. All remaining contributions 
from the singular terms of the operator product contain the operator 


q" (182) -+ - (18), (18.131) 


with an even number of indices, with these indices either identified with p or 
v or contracted with powers of q. To write the relevant terms of the operator 
product expansion, we will modify this operator in two ways. First, since the 
operator in (18.131) has n vector indices, it contains components that trans- 
form under many different irrreducible representations of the Lorentz group. 
Each component has a different rescaling law under renormalization. However, 
we will see below that only the component of (18.131) with the highest spin 
is relevant to our analysis. This component is obtained by totally symmetriz- 
ing the indices j4,..., Hn and then subtracting terms proportional to g#!# 
so that the operator is traceless on all pairs of indices. We will retain only 
this component when we write out the operator product of currents. Second, 
the operator (18.131) does not transform simply under gauge transformations. 
Since the original currents J“ were invariant to color gauge transformations, 
the operator product of two currents must be a sum of gauge-invariant oper- 
ators. We can make (18.131) gauge-invariant by replacing each factor of (20) 
with a covariant derivative (iD#). This modification adds only terms propor- 
tional to the strong coupling constant g, so it has no effect on our derivation 
of the operator product coefficients. 

Incorporating these changes, let us define a spin-n operator with quarks 
of flavor f as follows: 


OM Hatem = ay" (iDH?)--. iD") ay — traces, (18.132) 


with indices symmetrized and with appropriate subtractions. We can use these 
operators to write a final expression for the most singular part of the OPE 
of two currents J”. The leading terms in this operator product come from 
(18.130) and the corresponding contraction with q e —q. Extracting the 
pieces of these expressions that contain the highest spin operators (18.182), 
we find 


i f dtz et J” (x) J” (0) 
E 5 oo (2gH) wae (2g?) (a) pvp una 
= 22 p3 (Q O; (18.133) 
VY — (2g) vt (2g ) (n) IHn 
— g" 5 QF OF a gan., 


n=2 
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where the sums over n run over even integers only. 

Expression (18.133) has been derived in the leading order in as. Higher- 
order Feynman diagrams will contribute corrections to the coefficient functions 
of order as (Q°). These corrections will be important only if they are multiplied 
by large logarithms. If we consider the operators o appearing on the right- 
hand side to be normalized at the renormalization scale Q, there is no large 
ratio of momenta available to enhance the QCD corrections to the coefficient 
functions. Large logarithmic corrections may still arise at a later stage of the 
calculation, when we compute the matrix elements of the operators oW, 

From the expansion (18.133), it is straightforward to compute an expan- 
sion for W#” by taking its expectation value in the proton state. To carry out 
this computation, we need to know the proton matrix elements of the opera- 
tors om, Notice that these matrix elements cannot depend on the direction 
of the momentum q”, since that dependence has been isolated in the coeffi- 
cient functions. This means that only the proton momentum P¥ is available 
to carry the vector indices of the matrix element. We can therefore write the 
spin-averaged matrix element of om as 


(P| OÇ) mamun |P) = AY. 2Př1 ... Pen — traces. (18.134) 


The coefficients Ay are dimensionless. They are not quite pure numbers, be- 
cause they depend on the renormalization scale of the operators, but we will 
treat them as constants in the next few paragraphs. 

For the case n = 1, the operators op reduce simply to the quark flavor 
currents gy"g; in this case the operators are normalized independently of any 
scale and the coefficients A} are truly constants. From our general discussion 
of form factors in Section 6.2, we know that the proton matrix element of a 
conserved flavor current at zero momentum transfer is given by 


(Pl ayy"ay |P) = u(P)y*u(P) Fy (0), (18.135) 


where F'1(0) is equal to the value of the corresponding conserved charge in 
the proton state. For the quark currents, this charge is just the number of 
quarks (minus antiquarks) of flavor f in the state |P}, which we will call Ny. 
Averaging (18.135) over the proton spin, we find 


(Playy'ay |P) = 2P" - Ny. (18.136) 
Thus, for n = 1, 
1_ _J2 f=u, 
ajendi fod: (18.137) 


Similarly, oP is the contribution of the quark flavor f to the energy- 
momentum tensor of QCD: 


(THY) =y (iD ag. (18.138) 
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Thus, Ay is the fraction of the total energy-momentum of the proton that is 
carried by the quark flavor f. 

When we evaluate the series for W#” using (18.133) and the expression 
(18.134) for the operator matrix elements, we find 


v 2 p (2q- P)? n v (2q - P)” n 
we -Ebr —— A} — 2g" 5 HETES 


(18.139) 
where the sums over n run over even integers from 2 to infinity. In addition 
to the corrections to the OPE omitted in (18.133), we have also dropped 
contributions from the trace terms in (18.134). This is quite appropriate: In 
each of these terms, two factors of the proton momentum P® P® are replaced 
by g Pm, were m2 = P? is the proton mass. When the indices are contracted 
with powers of q, we obtain a term of order 


MZR? « (2q- P}. (18.140) 


Since (Q?/2P - q) = x, which is held fixed in deep inelastic scattering as Q? 
becomes large, the contribution from the trace terms is suppressed by a factor 
m2/Q?, times powers of z. 

In general, an operator of dimension d has a coefficient function in the 
operator product expansion of currents that has dimension (mass)*~¢; in the 
Fourier transform of the OPE, this coefficient function will carry a suppression 


factor a2 
(3) S, (18.141) 


However, if the operator has spin s, the operator matrix element will con- 
tribute s factors of the vector P", so that, in the kinematic region of deep 
inelastic scattering, the contribution will be of order 


2P. s / 1 \d-s—2 

( r) (5) . (18.142) 
Q Q 

Thus, the relative size of contributions from the OPE to deep inelastic scat- 

tering is controlled, not exactly by the dimension of the operator, but rather 

by the twist, defined as 


t=d-s. (18.143) 


In our selection of the leading terms in the operator product expansion of 
currents, we have consistently kept the contribution of leading spin for each 
dimension or for each power of Q7! in the coefficient. The operators o™ all 
have twist ¢ = 2, which is the smallest possible value for QCD operators other 
than the operator 1. 

In the operator product of two different flavor currents—for example, 
uytu and dy’d—the leading terms in the OPE have the quark structure 
(aludI'd) and thus have twist t > 4. Thus, to all orders in as, the cross terms 
in the operator product of currents J” are suppressed by at least a factor 
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(1/Q?) relative to the leading-twist terms presented in (18.133). If we neglect 
these suppressed terms, the expression for W#” separates, to all orders, into 
a sum of contributions 


DDN (18.144) 
f 


where W?” is the matrix element of two quark flavor currents ĝ ar- 
We can read from (18.139) the following expressions for W; and W3: 


(2q-P)"- 2 (18.145) 
= DEL og (Q2)r- 2 AR, 


where the sum over n in each line runs over even integers from 2 to infinity. 
Like (18.139), these expressions explicitly separate according to (18.144). It 
is noteworthy that the series (18.145) satisfy the Callan-Gross relation in the 
form (18.121), without further parton model input. However, this relation 
is corrected in order a, due to the next-order contributions to the operator 
product coefficients. 

Because the leading contributions to the deep inelastic form factors can 
be written as sums over quark flavors, it is tempting to reverse the logic of Eq. 
(18.120) and use these equations to define the parton distribution functions. 
In particular, let us define 


rff, Q) = z Im Wz (z£, Q?), (18.146) 


where Wy is the second form factor of Wf”, defined in (18.144), neglecting 
terms suppressed by powers of Q?. In the parton model evaluation, 


Fi (2) = file) + Fpl). (18.147) 


From (18.123) and the definition (18.146), we know that f} (x) enters in the 
correct way into the formula for the deep inelastic scattering cross section. 
However, parton distribution functions have other important properties, in- 
cluding the normalization conditions (17.36) and (17.39) and the evolution 
with Q? discussed in Section 17.6. We must now see whether we can derive 
these properties from (18.146) using the operator product expansion. 


The Dispersion Integral 


The operator product analysis has given us explicit expressions for W, and 
W as a series in inverse powers of Q?. In the following discussion, we will 
concentrate on the analysis of Wj. We must work out the relation of its se- 
ries expansion to the observable deep inelastic scattering cross section. As 
in the discussion of Section 18.4, the OPE analysis naturally takes place in 
an unphysical kinematic region. To make the operator product expansion, we 
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Ea 
-Q’° Q’ 


Figure 18.11. Analytic singularities of Wa(v, Q?) in the complex v plane, 
for fixed Q?. 


needed to consider Q? to be larger than any other kinematic invariant. How- 
ever, in the physical region for deep inelastic scattering, 2P-q > Q?. We need 
a formula that connects these two distinct regions. 

To state this problem more precisely, define 


y=2P-q=ys; (18.148) 


in the frame in which the proton is at rest, v = 2m,g°. The form factor 
Wa can be viewed as a function of v and Q?. Then, for fixed Q?, the OPE 
gives a series expansion about the point v = 0, while the physical region for 
deep inelastic scattering is v > Q?. Because this region is associated with 
a physical scattering process, W2(v,Q”), viewed as an analytic function of 
v for fixed Q?, will have a branch cut along the real v axis in this region. 
The discontinuity across this branch cut will be (22) times the imaginary part 
of W2, which appears in the expression (18.123) for the deep inelastic cross 
section. Because expression (18.102) is symmetric under the interchange of 
(q, u) and (—q,v), W2 must obey 


W2(—v, Q?) = Walv, Q?). (18.149) 


Thus, Wz must also have a branch cut along the negative real axis, from 
v = —Q? to —oo. The discontinuity across this cut gives the cross section for 
the u-channel process in which positive energy comes in through the second 
current and out through the first. Since q? = —Q? < 0, there is no possible 
physical ¢-channel process; thus W3 has no further singularities in the complex 
v plane. The analytic structure of W2(v, Q?) is shown in Fig. 18.11. 

Now consider the contour integral 


dv 1 
In = | =W. 2 18.150 
lE ynl 2(v,Q ), ( ) 
for n even, taken on a small circle surrounding the origin. This integral picks 
out the coefficient of v"~? in the series expansion for W2. The OPE formula 
(18.145) gives us the leading contribution to this coefficient for large Q?: 


8 
In = 2 Ci Gata (18.151) 
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— 


Figure 18.12. Contour of integration involved in the derivation of the mo- 
ment sum rules for Wo. 


The corrections to this formula are of order a,(Q?), from the evaluation of 
the OPE coefficient functions. 

On the other hand, we can also distort the contour as shown in Fig. 18.12 
and evaluate it as an integral over the discontinuities of W2. By the symmetry 
(18.149), the two branch cuts give equal contributions. Thus, 

I, = 2 | Zal) Im Wa(v, Q?). (18.152) 
Q? 


Now change variables to z = Q?/v. The integral becomes 
1 
8 2 V 
In = > drr” 4 — Im Wo. (18.153) 
Ar 
0 


When we equate (18.151) and (18.153) and relate Im W2 to the parton distri- 
butions ff (x) using (18.146), the relation we have derived splits into a series 


of sum rules, 
1 


fo a" f# (2, Q?) = A®, (18.154) 
0 


for n even. These relations are known as the moment sum rules for the deep 
inelastic form factors. They relate the z moments of the parton distribution 
functions, as defined by Eq. (18.146), to the proton matrix elements of twist-2 
operators. 

Because W2 is a symmetric function of v, the moment sum rules apply 
only for even n. However, in deep inelastic neutrino scattering, there is a third 
form factor in W#”, associated with the interference term between the vector 
and axial vector parts of the weak interaction current. In Problem 18.2, we 
show that this form factor can be used to derive a set of sum rules for odd n: 

1 


fa a”! fy (£, Q?) = A®, (18.155) 


0 
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where A? is the coefficient of the proton matrix element (18.134) for odd n, 
and f; (z) is a form factor which, in the parton model, evaluates to 


fy (@) = fele) — Fpa). (18.156) 


Combining this information with the argument given below (18.136), we 
can see that the definition of the parton distribution functions from the deep 
inelastic form factors has the correct normalization. Using (18.137), we find 


1 


fa f° (2) = N}, (18.157) 
0 


the (net) number of quarks of flavor f in the proton. Similarly, (18.154) and 
(18.138) imply 
1 
f dara f* (0) = (e)p, (18.158) 


0 


where (z); is the fraction of the total energy-momentum of the proton carried 
by quarks and antiquarks of flavor f. 


Operator Rescaling 


If the coefficients A? were truly constants, relations (18.154) and (18.155) 
would be consistent with parton distribution functions that satisfy Bjorken 
scaling. However, as we remarked below (18.134), these factors actually de- 
pend on Q?, since this is the normalization point of the operators in the oper- 
ator product expansion (18.133). Since this dependence comes only through 
operator rescaling, it involves only logarithms of Q?, and so contributes only 
a slow violation of Bjorken scaling. We can work out the Q? dependence of 
the parton distribution functions quantitatively by summing the leading log- 
arithmic corrections to the matrix elements of the twist-2 operators. 

To account for these corrections, let us first assume (incorrectly, as we will 
see below) that the twist-2 operators (18.132) are renormalized without oper- 
ator mixing. Then the leading logarithmic corrections to the matrix element 
of the operator om) would be summed by rescaling the operator normalized 
at Q to operators normalized at a standard reference point u, of order 1 GeV. 
The relation between these conventions would be 


n lo 2/2 a4 /2bo n 
op- (EYP mm 


where a; is the first coefficient of the y function of om., Then the factors A? 
would depend on Q? according to 


27 42\\a7/2b0 
Ae) = (Pee) An (1). (18.160) 


636 Chapter 18 Operator Products and Effective Vertices 


+ + 


P D p 


Figure 18.13. Diagrams contributing the anomalous dimension of the quark 
twist-2 operators. 


This equation agrees with the scale dependence of operator product coeffi- 
cients written in (18.76), for the special case of an operator product of cur- 
rents, @] = a2 = 0. To find the explicit form of the rescaling factor, we must 
compute ay. 

To compute the y functions of the quark twist-2 operators, we must com- 
pute their counterterms for operator rescaling. These are determined by the 
diagrams shown in Fig. 18.13. It suffices to compute these diagrams with ex- 
ternal momentum p entering through the quark line and zero external momen- 
tum injected into the operator. Under these conditions, the matrix element of 
the operator oY”, in leading order, equals 


FN = ypt... pr», (18.161) 


Here and at all later points in the discussion, we will treat the matrix elements 
of of as though they are symmetrized in the n indices and have all possible 
traces subtracted. We must now evaluate the diagrams of Fig. 18.13 and collect 
all terms that rescale this structure. 

The first diagram of Fig. 18.13 is quite straightforward to evaluate: 


d*k ik ik —i 
k — 2 Aga? Bi ke2... Bon Z an po aao 
[N J Rai) Y E ga Ke" (k—ppP 


dtk 1 
. 2 n 
= =i Cl) (2) | GE p 
(18.162) 
We combine denominators using identity (6.40): 
f (1 
— x) 
(k= p a Er 33 (18.163) 
0 


the quantities in the denominator on the right are k = k — zp and A = 
—2x(1—2)p?. We must now shift the integral, substitute k = k + xp in the 
numerator, and pick out a term proportional to (n — 1) powers of p. If this 
term contains the factor g#*"i, we may drop it, since it contributes to the 
coefficient of an operator of higher twist and since, in any event, it will be 
removed when we subtract traces. Thus, we must choose carefully which two 
factors of k we replace with k when we replace the others with (zp). The 


18.5 Operator Analysis of Deep Inelastic Scattering 637 
following choices, simplified using the rotational symmetry of the k integral, 
do not give useful contributions: 

_ 1 Po 
kikti = Zk? grit, 
f i (18.164) 
Kk” > -kyti = ik? grr, 
4 4 


In the second line, we have used the symmetry under pu; © pj. The one 
remaining placement of the factors of k is 


1 1 
KK > GEV w = 3k. (18.165) 


Thus (18.162) has the value 


4 2 
[N = ~ig?s f a-20 » | Sait RT (ont) (ep) 


(47)? 


T(2— Gay yt ++ phn 


_4 2 g? 
~ 3n(n+ 1) (4r} 


r(2 djy pHa .. pln, (18.166) 


It is not so obvious that there are additional contributions to the rescaling 


of the operators op, Note, however, that the covariant derivatives in (18.132) 
contain explicit factors of the gauge field, 


iD" = ið — g AW 4%, (18.167) 


and these may be contracted with gauge field vertices on the external legs. 
These contributions give rise to the second and third diagrams in Figure 18.13. 
The term in which two factors of A* from (18.167) are contracted with one 
another is proportional to G“*#7 and thus does not contribute to the rescaling 
of the leading-twist operators. 

The contributions we have just described have the form of sums over j, 
where u; is the index of the derivative that includes the contraction. Then 
the second diagram of Fig. 18.3 is the sum over j of the following integral: 


Sat 


ALG) pftj th Hn = 
gt"g j p j oe -p — 
{= ) (k — p}? 


dtk 1 

. 2 5 a . 

= ig*Co(r liper Hi My Pl kP? ... kPi=LpPi+L phn, 
0 J eE * 18-168 
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Since jz; and ju. are symmetrized, we can use (18.128) to rewrite 


yi iy — kti” + yb ket — ght K 


en (18.169) 


where, in the second line, the symmetrization of indices and subtraction of 
traces is understood. Now combine denominators. To obtain a term with 
(n—1) factors of p, we must replace every factor k in the numerator of (18.168) 
with (xp). This gives 


a — 
EN = ig” 3 Jei ga (ep) (ep jp sp” 
s 1 
2 j—1_? 
2 [drzi 
ig sJ LL (am) 
0 


4 2 £ 
5T'(2-$) yt ph? ++ pin. 18.170 
This contribution must be summed over j from 2 to n. The third diagram of 
Fig. 18.13 makes an equal contribution. 
Summing the rescaling factors from the three diagrams of Fig. 18.13, we 


D(2—$) yp? oe për 


find for the operator rescaling counterterm of of? 


g 4 1 2 T(2—2) 
ôs = (4r)? 3 23 n(n + 5) (M2)274/2" 


(18.171) 


From this result, we can derive the Callan-Symanzik y function by the use of 
(18.23) and the field strength renormalization counterterm (18.9). We find 


sh 13- TT —*~_|. (18.172) 


Notice that this expression vanishes for n = 1, so that there is no rescaling of 
Af, as required by (18.157). For n > 1, y7 is positive and so its coefficient af 
is negative. This implies that the higher moments of the quark distribution 
functions are suppressed as Q? becomes large. 


yes 


Operator Mixing 


The QCD rescaling of the operators om is still more complicated because 
QCD contains additional twist-2 operators which can be built from gluon 
fields. These new operators are mixed with the quark twist-2 operators by the 
diagrams of Fig. 18.14. 

For n even, the diagrams of Fig. 18.14 give the operators o matrix 
elements in the state of a gluon with momentum p. The tensor structure of 
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~ 


Figure 18.14. Diagrams that produce operator mixing between twist-2 
quark and gluon operators. 


this matrix element contains the term 
gP pr.. p”, (18.173) 


where a, @ are the polarization indices of the external gluons. This structure 
arises from the operator 


1 
OW) Han = —5 Fim" iD") +++ ({DHn-1) FP}, — traces, (18.174) 


symmetrized on H1,**' Hn, With traces subtracted. These operators have di- 
mension (n + 2) and spin n, and thus have twist 2. 

The gluon operators (18.174) are relevant only for n even. Using the ma- 
nipulation 


Fim’ GD)... Fis, = i0 (FY... Fen) — (DH) FY... Fe, (18.175) 


we can transfer the covariant derivatives from one factor of F#” to the other, 
giving 

om = (-1)"0™ + am (0°). (18.176) 
Thus, for n odd, the operator om) is equal to a total derivative. The matrix 
elements of a total derivative are proportional to the momentum injected into 
this operator. Since zero momentum is injected in the calculation of the proton 
matrix elements of the OPE of currents, the operators om) have no effect on 
the deep inelastic scattering cross section for n odd. 

For n even, however, we must take account of the mixing of om”) with 
om). The computation of the diagrams of Fig. 18.14 is quite similar to the 
other operator rescaling calculations we have done in this chapter, and so we 
reserve working out the details for Problem 18.3. We find that the diagrams 
of Fig. 18.14 contain a structure proportional to (18.173) with the coefficient 


An?+n+2) g? r 
n(n + 1)(n + 2) (4r)? 


(2-3). (18.177) 


From this computation, we find that the renormalized twist-2 quark operator, 
properly normalized at the scale M, is given in terms of bare operators by 


[OF Nan = HENO lo + 6O] (18.178) 
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Po FS, 


Figure 18.15. Diagrams contributing to the operator rescaling of twist-2 
gluon operators: (a) contributions to gluon-quark mixing; (b) contributions 
to diagonal gluon operator renormalization. 


where 6, is given by (18.171) and 


g An?+n+2) T(2-$) 
(4)? n(n + 1)(n + 2) MAA 
This equation gives us two elements of the anomalous dimension matrix of 
twist-2 operators. 

The remaining elements of the y matrix for twist-2 operators are gener- 
ated by the diagrams shown in Fig. 18.15. The diagram of Fig. 18.15(a) gives 
the mixing of o back into op., The diagrams of Fig. 18.15(b), combined 
with the counterterm 63 for gluon field strength rescaling, gives the diagonal 
anomalous dimension. The counterterm 63 is given explicitly, in Feynman- 
‘t Hooft gauge, in (16.74). The remainder of this anomalous dimension com- 
putation is discussed in Problem 18.3. 

To describe the complete anomalous dimension matrix, we begin by con- 
sidering a strong interaction model with one quark flavor. In this case, there 
is one twist-two operator of ) which mixes with o., ") These two operators 
mix through a 2 x 2 matrix” 


ôg = 


(18.179) 


2 n n 
g a a 
y= ~ Une ( ff i) (18.180) 
n agf agg 
where 
a EED Eran 
n4 n?+n+2 
“fg = n(n , 
+1(n+2) 
16n?+n+2 (18.181) 


n 


“af ~ 3 n(n? —1)’ 


4 4 
= -6[5 + O nin-l) (n+I(n+2) 
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Notice that this matrix is not symmetric. In the last line, ny is the number 
of quark flavors, equal to 1 in this case; this term comes from (16.74). 

In the realistic case, QCD contains several quark flavors—u, d, s, and also 
c and b when we work at momenta sufficiently large that we can ignore the 
masses of these particles. Then the anomalous dimension matrix y” has size 
(nf + 1) x (np +1). The submatrix acting on quark operators is diagonal, 
with all of the diagonal entries being given by a}, in (18.181). The quark- 
gluon and gluon-quark entries are all given by az, and agp, respectively, and 
are independent of the flavor. The gluon diagonal entry is given by agg in 
(18.181) with the realistic value of ny. This means that the gluon operator 
mixes with only one linear combination of quark operators: 


So”; (18.182) 
F 


the orthogonal linear combinations are simply rescaled, with the exponent 
given by a}, or (18.172). 

Let us now apply this analysis of operator mixing to the evaluation of the 
moment sum rules. For odd n, there is no operator mixing, and so the Q? 
dependence of the right-hand side of (18.155) is correctly given by the simple 
rescaling (18.160). 

For even n, we must take operator mixing into account. The right-hand 
side of the sum rule (18.154) is the proton matrix element of a twist-2 operator 
normalized at the scale Q. Let us write an arbitrary linear combination of these 
operators as 


[Of Jo, (18.183) 


where the index i runs over g and the various flavors f. To rescale this operator 
to a fixed reference momentum u, we rewrite the coefficients in a basis of left 
eigenvectors of y” and rescale each eigenvector acccording to (18.159). In 
terms of the matrix aj, of rescaling coefficients, we can write the rescaling 
abstractly as 


n nf KOS ate n 
ree {CREE 


This rescaling, acting with c? to the left of the matrix (a”), is precisely the 
prescription required by Eq. (18.79). 

Let us work this out explicitly for the case n = 2. The right-hand side 
of the moment sum rule (18.154) is given by the matrix element of oP. We 
rewrite this as 

D o8 1 o, 1 (2) 
OF = (0P - = OF) + — DOF. (18.185) 
f f F 
The first term is simply rescaled; the second term mixes with the gluon oper- 
ator oP, The anomalous dimension matrix acting on ($2; Oj, Og) for n = 2 
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has coefficients 2 2 s4 a 
a aan 84 fn 
FE Pf FNO 9 3f 
( 2 ) = ( 64 4 ). (18.186) 
The left eigenvectors of this matrix, and their corresponding eigenvalues, are 


(1,1) > aa 
16 (18.187) 


Geom) Pag em): 


Notice that the first eigenvector gives a linear combination of operators c? ov?) 
with zero anomalous dimension. This operator is in fact the total energy 
momentum tensor of QCD, 


v 2 Vv V 
T” =Y OP 4 oDe, (18.188) 
f 


which must have y = 0. If we expand the second term in (18.185) in terms 
of the components (18.187), we can compute the full form of the operator 
rescaling. We find 


o ol 
1 ean 16 © 
+ Zy oP —n 0?) 
ne $ a (ios PA 5 3 f £95 L 
log(Q?/A7) PP" DL LS 2) 
log(u2/ A2) ne , 3 18.1 
t (satya Care 20; L (18.189) 


where T is the energy-momentum tensor (18.188). The right-hand side of 
the n = 2 moment sum rule is given by the coefficient of the proton matrix 
element of this operator. To evaluate this coefficient, we need to define gluon 
analogues of the A?, by writing, analogously to (18.134), 


(P| OW HH |P} = An. 2p... Pen — traces. (18.190) 
For the case n = 2, we note in particular that 
(P| TH” |P} = 2P" P”; (18.191) 
thus, (18.188) implies 
Y ÉHES (18.192) 
f 


If we replace each operator in (18.189) by the corresponding coefficient A? (p), 
we will have an expression for the right-hand side of the n = 2 moment sum 
rule which makes its Q? dependence explicit. 

Although expression (18.189) is rather complicated, it has a simple form in 
the extreme limit Q? — oo. At asymptotic Q?, the last two terms of (18.189) 
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Figure 18.16. Fractions of the total energy-momentum of the proton carried 
by various parton species, as a function of Q, according to the CTEQ fit to 
deep inelastic scattering data described in Fig. 17.6. The Q dependence of 
the curves is calculated from the QCD evolution equations. 


tend to zero, and the right-hand side of (18.189) becomes a fixed number 
times the energy-momentum tensor. Then, using (18.191), we can evaluate 
the n = 2 moment sum rule completely: 


1 
1 


fe zf} (z) > ean (18.193) 
0 


In this extreme limit, we find that each quark flavor carries the same fixed 
fraction of the energy-momentum of the proton. By (18.192), the remainder 
is carried by the gluons. To illustrate, in a theory with ny = 4, each quark 
flavor carries 3/28 of the total momentum of the proton, and the gluons carry 
the remaining 4/7. Figure 18.16 shows how slowly these asymptotic results 
are approached starting from realistic parton distributions. 


Relation to the Altarelli-Parisi Equations 


The operator mixing analysis just described gives predictions for the moments 
of parton distributions which imply that these integrals are Q? dependent. Of 
the various moment integrals that do not involve operator mixing, only the 
n = 1 integrals which give the flavor quantum numbers of the proton are 
constant as a function of Q?. The rest decrease as powers of log Q?. Similarly, 
one linear combination of the matrix elements of n = 2 twist-2 operators 
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remains constant with Q?. This relation is expression by the sum rule (18.192). 
To write this relation more clearly, let us introduce the parton distribution of 
gluons as a smooth function satisfying the relations 


1 
fu 2”! f(x, Q?) = AM™(Q?). (18.194) 
0 


Then (18.192) becomes just the total momentum sum rule for parton distri- 
butions (17.39): 


foslDir x) + f,(z)| = 1. (18.195) 


It is not difficult to verify that, for n > 2, all of the eigenvalues of the 
matrix aş; of anomalous dimension coefficients are negative. Thus, all of the 
higher moment sum rules decrease, subject to the flavor charge and momen- 
tum conservation laws. In other words, the operator renormalization analysis 
predicts that parton distributions shift down to smaller values of z as log Q? 
increases. It is pleasing that this is the same conclusion that we reached in 
Section 17.5, where we derived the Altarelli-Parisi equations to describe this 
evolution of the parton distributions. 

Given that the operator analysis and the Altarelli-Parisi equations im- 
ply the same qualitative behavior for the parton distributions, how do these 
analyses compare quantitatively? To compare them directly, we should work 
out what predictions the Altarelli-Parisi equations make for the moments 
of the parton distribution functions. Let us begin with the simpler case of 
fy (0) = file) = frla). 

To find the Altarelli-Parisi equation for this quantity, subtract the last 
two equations of (17.128). The term involving the gluon distribution cancels, 
and we find 


As 2 2 — 
ayto- e l SE Pot; (7). (18.196) 


Now define 


My, = fu a" fy (2). (18.197) 


This quantity obeys the differential equation 


1 1 
d 
d -Mp OD fisar ‘f © Pyql2)f7 (=). (18.198) 
0 


dlog Q? z z 


© 
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Interchange the order of integration on the right-hand side, and change vari- 


ables to y = 2/2: 
[com j -JE fuser 
jeje 
z 


0 0 
1 1 
= fe grt paw. (18.199) 
0 0 


Then the right-hand side of the differential equation neatly factorizes: 


1 
d n— n— — 
dlogQ? "i = “A fas "Pagal |- [avy ‘f(y; (18.200) 
0 


the last factor is again M;,. The coefficient in this relation is the nth moment 
of the splitting function P,._,(z). We can compute this from the explicit form 
of this function given in (17.129): 


1 1 
4f 1+2? 3 
IP (z) = not 1 . . 
fez gq 2) pe 3 la yh + zô. >| (18.201) 
0 0 


The integral over the distribution is done by using the definition (17.105): 


1 
pee =" [eos is) 
0 


=-->) L (18.202) 


Then 


(18.203) 
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Remarkably, this is just a}/4, as the anomalous dimension coefficient is given 
in (18.172) or (18.181). Thus, according to the Altarelli-Parisi equations, the 
nth moment. of f; (2) obeys 
d — as(Q?) — 
M; = ——a - . 18.204 
dogo? t gn F fn (18.204) 
To integrate this equation, we need the explicit form of œs(Q?). Inserting 
expression (17.17), we find 
d ar 1 _ 
——— M, = r M. 18.205 
dlogQ? f”  2bolog(Q?/A2) f” ( ) 
The solution of this equation, derived from the Altarelli-Parisi equations, is 
precisely the function (18.160) that we derived from the operator analysis of 
the moment sum rules for f; . 

It is not difficult to check that this conclusion is more general. By taking 
the nth moment of the full Altarelli-Parisi equations (17.128), we convert 
these equations to a set of ordinary differential equations for the moments. 
The linear combination of quark distribution functions 


XO (File) + f7(2)) (18.206) 
f 
couples to the gluon distribution and leads to a 2 x 2 set of equations. All or- 
thogonal linear combinations separate from the gluon distribution and thus 
have moments that obey equations identical to (18.205). To analyze the cou- 
pled equations, define 


1 1 

Mee = fave" (Fre) + fle); Mon = f deara). (18.207) 
0 f 0 

Then one can show, by the manipulations that led to (18.205), that the 


Altarelli-Parisi equations predict for these moments the set of coupled equa- 
tions 


d 1 1 

——— Mt = — a% My +a} Monl, 

dlog Q2 2bo log(Q2/A?) [ ff fg 7g | as 208) 
d 1 1 ` 


Tog Q? M0" = Big Tog Q2R) C Mat + ogMr), 

where the coefficients a7, are proportional to the nth moments of the splitting 
functions given in (17.129) and (17.130). In all cases, one can see that these co- 
efficients agree precisely with the corresponding coefficients in (18.181). Thus, 
the solution of these equations gives the same Q? dependence for the moments 
of parton distribution functions that we found from the operator analysis. 

Remarkably, the analysis of parton splitting functions given in Chapter 17 
and the analysis of operator renormalization factors given above have turned 
out to be two views of the same basic phenomenon. Both sets of equations 
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express the manner in which the constituents of hadrons in QCD are resolved, 
layer by layer, by hard-scattering processes at successively higher values of the 
momentum transfer. Our understanding that a quark, when studied on a fine 
scale, is resolved into a set of quarks, antiquarks, and gluons indicates that we 
have gone far beyond the simple notions of one-particle relativistic mechanics. 
Our two complementary derivations of this idea reinforce its fundamental 
character as a prediction of quantum field theory. It is especially pleasing 
that, as we saw at the end of Section 17.5, Nature apparently accepts this 
prediction and makes this consequence of quantum field theory an essential 
part of the structure of hadrons. 


Problems 


18.1 Matrix element for proton decay. Some advanced theories of particle inter- 
actions include heavy particles X whose couplings violate the conservation of baryon 
number. Integrating out these particles produces an effective interaction that allows 
the proton to decay to a positron and a photon or a pion. This effective interaction is 
most easily written using the definite-helicity components of the quark and electron 
fields: If uz, dz, UR, eR are two-component spinors, then this effective interaction is 


2 
AL = > tabet Pe eRatrapUuLbydics- 
My 
A typical value for the mass of the X boson is my = 1018 GeV. 


(a) Estimate, in order of magnitude, the value of the proton lifetime if the proton 
is allowed to decay through this interaction. 


(b) Show that the three-quark operator in AL has an anomalous dimension 


Estimate the enhancement of the proton decay rate due to the leading QCD 
corrections. 


18.2 Parity-violating deep inelastic form factor. In this problem, we first mo- 
tivate the presence of additional deep inelastic form factors that are proportional to 
differences of quark and antiquark distribution functions. Then we define these func- 
tions formally and work out their properties. 


(a) Analyze neutrino-proton scattering following the method used at the beginning 
of Section 18.5. Define 


Let 
we) = 2% J dtz e't? (P| TL I" (a) J¥ (0)} |P), 
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(b) 


(c) 


(d) 


(e) 
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averaged over the proton spin. Show that the cross section for deep inelastic 
neutrino scattering can be computed from WHY (v) according to 


do Gry 
~ yy OPY 
dady P? E = 52 


“Im[ (ky ky, + kv kj, — guvk- kl — iep kaka) WHY) (P, q)]. 


Show that any term in WHY ) proportional to g# or q” gives zero when con- 
tracted with the lepton momentum tensor in the formula above. Thus we can 
expand W¥"(¥) with three scalar form factors, 


wee) = gy) 4 pe pup) + ict Pg WY 40-2, 


where the additional terms do not contribute to the deep inelastic cross section. 
Find the formula for the deep inelastic cross section in terms of the imaginary 


parts of wi), wh), and wh, 


Evaluate the form factors wl) in the parton model, and show that 


ImW{ = a( fale) + fal), 
Im Wi”) = = olala) + fa(x)), 


Im Wwe” = ya fel) — fa(2)). 


Insert these expressions into the formula derived in part (b) and show that the 
result reproduces the first line of Eq. (17.35). 


This analysis motivates the following definition: For a single quark flavor f, let 
- 1-7 
pa) 
Define 


Whe = 2i fata eiT? (PITL I, (2)J7L(0)} 1P). 
Decompose this tensor according to 
WE, =g Wipe + PYPYWapr + ict”? Pigo Wape + 
where the remaining terms are proportional to q” or q”. Evaluate the W;z, in 
the parton model. Show that the quantities Wışzg and W2fz reproduce the 


expressions for W,, and W2, given by Eqs. (18.120) and (18.144), and that 
Wap is given by 


Im W3 pr = (iyo) - f7(2)). 


Compute the operator product of the currents in the expression for W#’, and 
write the terms in this product that involve twist-2 operators. Show that the 
expressions for Wı fg and Wor, that follow from this analysis reproduce the 
expressions for Wy, and Wa; given by Eqs. (18.144) and (18.145). Find the 
corresponding expression for W3 + z,- 
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(f) Define the parton distribution fr by the relation 
— s 
fy (Q?) = Ë Im Wap, Q?). 


Show that, by virtue of this definition, the distribution function fr satisfies the 
sum rule (18.155) for odd n. 


18.3 Anomalous dimensions of gluon twist-2 operators. 


(a) Compute the divergent parts of the diagrams in Fig. 18.14, and use these to 
derive the second line of Eq. (18.181). Notice that this result holds only for n 
even. Show that the two diagrams cancel for n odd. 


(b) Compute the divergent parts of the diagrams in Fig. 18.5, and use these to derive 
the third and fourth lines of Eq. (18.181). 


18.4 Deep inelastic scattering from a photon. Consider the problem of deep- 
inelastic scattering of an electron from a photon. This process can actually be measured 
by analyzing the reaction ete~ — ete~ + X in the regime where the positron goes 
forward, with emission of a collinear photon, which then has a hard reaction with the 
electron. Let us analyze this process to leading order in QED and to leading-log order 
in QCD. To predict the photon structure functions, it is reasonable to integrate the 
renormalization group equations with the initial condition that the parton distribution 
for photons in the photon is 6(z — 1) at Q? = ($ GeV)?. Take A = 150 MeV. Assume 
for simplicity that there are four flavors of quarks, u, d, c, and s, with charges 2/3, 
—1/3, 2/3, —1/3, respectively, and that it is always possible to ignore the masses of 
these quarks. 


(a) Use the Altarelli-Parisi equations to compute the parton distributions for quarks 
and antiquarks in the photon, to leading order in QED and to zeroth order in 
QCD. Compute also the probability that the photon remains a photon as a 
function of Q?. 

(b) Formulate the problem of computing the moments of W2 for the photon as a 
problem in operator mixing. Compute the relevant anomalous dimension matrix 
y. You should be able to assemble this matrix from familiar ingredients without 
doing further Feynman diagram computations. 


(c) Compute the n = 2 moments of the photon structure functions as a function of 
Q?. 

(d) Describe qualitatively the evolution of the photon structure function as a func- 
tion of z and Q?. 


Chapter 19 


Perturbation Theory Anomalies 


In many examples, we have seen that loop corrections can have an important 
effect on the predictions of quantum field theory. We have studied examples in 
which the relative importance of operators is shifted by radiative corrections, 
and in which the form of the interactions they mediate is altered. However, in 
specific circumstances, radiative corrections can have an even more significant 
effect: They can destroy symmetries of the classical equations of motion. 

The most important effect of this type involves the chiral symmetries of 
theories with massless fermions. In Section 3.4, we saw that the massless Dirac 
Lagrangian has an enhanced symmetry associated with the separate number 
conservation of left- and right-handed fermions. This symmetry is generated 
by the axial vector current j#> = wy"y>q. Classically, 


3 j5 =0 (19.1) 


for zero-mass fermions. This equation of motion is true not only in free fermion 
theory but also, as a classical field equation, in massless QED and QCD. 

However, in this chapter, we will see that the true picture is not so simple. 
We will show that, in gauge theories, the conservation of the axial vector 
current is actually incompatible with gauge invariance, and that radiative 
corrections in gauge theories supply a nonzero operator that appears on the 
right-hand side of Eq. (19.1). This new conservation equation for the axial 
current has a number of remarkable consequences, which we will discuss in 
Sections 19.3 and 19.4. 


19.1 The Axial Current in Two Dimensions 


Eventually, we will want to analyze the current conservation equation for the 
axial current in massless QCD. However, this discussion will involve some 
technical complication, so we will first study the physics that violates axial 
current conservation in a context in which the calculations are relatively sim- 
ple. A particularly simple model problem is that of two-dimensional massless 
QED. 

The Lagrangian of two-dimensional QED is 


L= papiy = 1(Fu)}?, (19.2) 


651 


19.1 The Axial Current in Two Dimensions 653 


the totally antisymmetric symbol in two dimensions, with e°! = +1. Then the 
two-dimensional Dirac matrices obey the identity 


Y = e yy. (19.11) 


The currents j“° and j“ have the same relation. Thus we can study the prop- 
erties of the axial vector current by using results that we have already derived 
for the vector current. 


Vacuum Polarization Diagrams 


In Section 7.5, we computed the lowest-order vacuum polarization of QED in 
dimensional regularization. In the limit of zero mass, we found, in Eq. (7.90) 


3 


; v S ye [LV jb Vy 2e? f T 2—5 
la) = ilaa — aa tl J dral) a 


(19.12) 
where tr[1] = 4 gives the convention for tracing over Dirac matrices given in 
Eq. (7.88). If we set tr[1] = 2 to be consistent with (19.4) and then set d = 2 
in (19.12), we find the finite and well-defined result 


(19.13) 


Notice that this expression has the structure of a photon mass term; the 
photon receives the mass 


m2 =~. (19.14) 


Schwinger showed that this result is exact, and that the photon of two- 
dimensional QED is a free massive boson.* In the discussion below Eq. (7.72), 
we pointed out that it is not possible for a vacuum polarization amplitude con- 
sistent with the Ward identity to generate a mass for the photon unless it also 
contains a pole at q? = 0. In two dimensions, such a pole can arise from the 
infrared behavior of the fermion-antifermion intermediate state, and we see 
this behavior explicitly in (19.13). 

Once we have an explicit expression for the vacuum polarization, we can 
find the expectation value of the current induced by a background electro- 
magnetic field. This quantity is generated by the diagram of Fig. 19.1, which 
gives 


[eet may = Eaa = -o re) EA), (19.15) 


*J. Schwinger, Phys. Rev. 128, 2425 (1962). 
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+ 
q 
Figure 19.1. Computation of (j#) in a background electromagnetic field. 


where A,(q) is the Fourier transform of the background field. This quantity 
manifestly satisfies the current conservation relation q, (j"(q)) = 0. 

The identity (19.11) between the vector and axial vector currents allows 
us to derive from (19.15) the corresponding expectation value of ge®. We find 


(j#°(q)) = -1 (Ga) 


= ie (Avta) _ er. Axla) ). 


If the axial vector current were conserved, this object would satisfy the Ward 
identity. Instead, we find 


qu (i (Q)) = <q, A,(Q)- (19.17) 


This is the Fourier transform of the field equation 


(19.16) 


+5 e v 
Bpi = se Fu (19.18) 


Apparently, the axial vector current is not conserved in the presence of elec- 
tromagnetic fields, as the result of an anomalous behavior of its vacuum po- 
larization diagram. 

How could this happen? The Feynman diagrams formally satisfy the Ward 
identity both for the vector and for the axial vector current. The problem 
must come in the regularization of the vacuum polarization diagram. By di- 
mensional analysis, we know that this diagram has the form 


a2 pow _ pE 
O~ ie (49 B z ). (19.19) 


The coefficient B is a finite integral, and is, in any event, unambiguously 
determined by the low-energy structure of the theory since it is the residue 
of the pole in g?. However, the integral A is logarithmically divergent, so its 
value depends on the regularization. Dimensional regularization automatically 
subtracts this integral to set A = B; then the vector current Ward identity 
is satisfied. But then we are led directly to (19.17). We could, alternatively, 
regularize the integral A so that A = 0. Working through the steps of the 
previous paragraph with this modification, we now find q, (j“°(q)) = 0, but 


qu (3"(9)) = <q" Ala). (19.20) 


Though the result (19.17) is unpleasant, the result (19.20) would be a com- 
plete disaster, since it depends on the unphysical gauge degrees of freedom 
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of the vector potential. We conclude that it is not possible to regularize two- 
dimensional QED so that, simultaneously, the theory is gauge invariant and 
the axial vector current is conserved. The price of requiring gauge invariance 
is the anomalous nonconservation of the axial current shown in (19.18). 


The Axial Vector Current Operator Equation 


To understand what happened to the axial current from another viewpoint, 
we now study the operator equation for the divergence of j#°. Varying the 
Lagrangian (19.2), we find the following equations of motion for the fermion 
fields: 


Gy = ied, — Oy" = iep. (19.21) 


By using these equations of motion in the most straightforward way, it is easy 
to conclude that 3 j = 0. However, a closer look at these manipulations 
reveals some subtleties, which alter the final conclusion. 

The axial vector current is a composite operator built out of fermion 
fields. In the previous chapter we saw that products of local operators are 
often singular, so we will define the current by placing the two fermion fields 
at distinct points separated by a distance e and then carefully taking the limit 
as the two fields approach each other. Explicitly, we define 


ate/2 
jh = symm lim {He + §)yhy? exp|-ie f dz- A(z) | le — 9} (19.22) 
e—>Q0 
a—e/2 


Notice that, because we have placed w and 4% at different points, we must 
introduce a Wilson line (15.53) in order that the operator be locally gauge 
invariant. To give j#° the correct transformation properties under Lorentz 
transformations, the limit € — 0 should be taken symmetrically, 

1 


s mm lim {$} =0 s mm lim {E == a (19.23) 
y e2 Z Y3 y e0 e2 = da? 7 ` 


with d = 2 in this case. 
We now compute the divergence of the axial current defined as in (19.22): 


a+te/2 
ð jË = symm lim { (atte + §))y"7? exp |-ie f dz: A(z) | Yle -5) 
gz—e/2 
ate/2 
+(e popie f az: AG) Owe- §)) 
a—e/2 


+ U(x + $)“ [ie ð, A (£) yle — 9} (19.24) 
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Using the equations of motion (19.21), and keeping terms up to order €, we 
can reduce this to 


a, je? _ symm lim {Hw + $) ied (a + 5) — te(x — 5) 
~ tee” y" ð A, (2) | Pyle — 5} 


= symm lim {P(e + §)[—iey"e”(OuAv — Ay) tle ~ $)}. 
e0 
(19.25) 
Expression (19.25) seems to vanish in the limit e — 0. However, we must 
take account of the fact that the product of the fermion operators is singular. 
In two dimensions, the contraction of fermion fields is 


os 2 l , 
voos ipea 
= -ə(Ż log(y ~ z)*) (19.26) 
_ ai = 2)a 
o m (y=) ` 
Thus, l . 
ple + $)PY(a - 5) = = wr[ Sr], (19.27) 


Notice that the result (19.27) contains an extra minus sign from the inter- 
change of fermion operators. 

Because the contraction of fermion fields is singular as e > 0, the terms 
of order e in the last line of (19.25) can give a finite contribution. Taking the 
contraction according to (19.27), we find 


ð j” = symm lim = | oy] - (~iee’ Fur) \ (19.28) 
In two dimensions, tr[y?y"y°] = 2e%. Thus, 
ð j! = Č symm lim ee (19.29) 
a 2r «0 e2 


Now take the symmetric limit according to the prescription (19.23). We find 
precisely the anomalous nonconservation equation (19.18). In this derivation, 
(19.18) appears as an operator relation, rather than in a simple matrix ele- 
ment. Notice that, as in our first derivation of this equation, the assumption 
of local gauge invariance played a crucial role. If we had defined the axial vec- 
tor current by reversing the sign of the Wilson line in (19.22), a prescription 
that would have done violence to local gauge invariance, we would have found 
the various contributions canceling on the right-hand side of (19.29). 
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An Example with Fermion Number Nonconservation 


To complete our discussion of the two-dimensional axial vector current, we 
will show that the nonconservation equation (19.18) also has a global aspect. 
In free fermion theory, the integral of the axial current conservation law gives 


ferai =Ngr- NL =0. (19.30) 


This relation implies that the difference in the number of right-moving and 
left-moving fermions cannot be changed in any possible process. Combining 
this with the conservation law for the vector current, we conclude that the 
number of each type of fermion is separately conserved. From (19.8), we might 
conclude that these separate conservation laws hold also in two-dimensional 
QED. However, we have already found that we must be careful in making 
statements about the axial current. 

In two-dimensional QED, the conservation equation for the axial current 
is replaced by the anomalous nonconservation equation (19.18). If the right- 
hand side of this equation were the total derivative of a quantity falling off 
sufficiently rapidly at infinity, its integral would vanish and we would still 
retain the global conservation law. In fact, e#” Fu» is a total derivative: 


e” Fi, = 20,,(e” AL). (19.31) 


However, it is easy to imagine examples where the integral of this quantity 
does not vanish, for example, a world with a constant background electric 
field. In such a world, the conservation law (19.30) must be violated. But how 
can this happen? 

Let us analyze this problem by thinking about fermions in one space 
dimension in a background A! field that is constant in space and has a very 
slow time dependence. We will assume that the system has a finite length L, 
with periodic boundary conditions. Notice that the constant A? field cannot 
be removed by a gauge transformation that satisfies the periodic boundary 
conditions. One way to see this is to note that the system gives a nonzero 
value to the Wilson line 


L 
exp [~ie fax Ay(2)] , (19.32) 
0 


which forms a gauge-invariant closed loop due to the periodic boundary con- 
ditions. 

Following the derivation of the three-dimensional Hamiltonian, Eq. (3.84), 
we find that the Hamiltonian of this one-dimensional system is 


H = fo yt (—iat Dy )y, (19.33) 
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where a = y°y' = 7°. In the components (19.7), 
H= Jef — il (ð, -ieA') yb +ivt (0, - ieAY)y_}. (19.34) 


For a constant A! field, it is easy to diagonalize this Hamiltonian. The eigen- 
states of the covariant derivatives are wavefunctions 

2mm 
T 
to satisfy the periodic boundary conditions. Then the single-particle eigen- 
states of H have energies 


wy: En = +(kn — eA’), 
ye: En, = —(kn — eA’). 


Each type of fermion has an infinite tower of equally spaced levels. To find 
the ground state of H, we fill the negative energy levels and interpret holes 
created among these filled states as antiparticles. 

Now adiabiatically change the value of At. The fermion energy levels 
slowly shift in accord with the relations (19.36). If A! changes by the finite 
amount 


eikne with kn = n = —00,...,0, (19.35) 


(19.36) 


1 20 
AAt = ah 
which brings the Wilson loop (19.32) back to its original value, the spectrum 
of H returns to its original form. In this process, each level of a4 moves down 
to the next position, and each level of ~_ moves up to the next position, as 
shown in Fig. 19.2. The occupation numbers of levels should be maintained in 
this adiabatic process. Thus, remarkably, one right-moving fermion disappears 
from the vacuum and one extra left-moving fermion appears. At the same time, 


fer (<e"” Fw) = [eta “ðA: 
T 
= —2, 


(19.37) 


il 


where we have inserted (19.37) in the last line. Thus the integrated form of 
the anomalous nonconservation equation (19.18) is indeed satisfied: 


Nr- N, = f da (Ze Fw). (19.39) 


Even in this simple example, we see that it is not possible to escape 
the question of ultraviolet regularization in analyzing the chiral conservation 
law. Right-moving fermions are lost and left-moving fermions appear from the 
depths of the fermionic spectrum, E — —oo. In computing the changes in the 
separate fermion numbers, we have assumed that the vacuum cannot change 
the charge it contains at large negative energies. This prescription is gauge 
invariant, but it leads to the nonconservation of the axial vector current. 
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Figure 19.2. Effect on the vacuum state of the Hamiltonian H of one- 
dimensional QED due to an adiabatic change in the background A! field. 


19.2 The Axial Current in Four Dimensions 


All of the derivations we have just given for the two-dimensional axial current 
have analogues in four dimensions. In Eq. (3.40), we showed that, in the case 
of massless fermions, the four-dimensional Dirac equation splits neatly into 
separate equations for left- and right-handed fermions. If we couple the Dirac 
equation to a gauge field, we replace derivatives by covariant derivatives. This 
does not seem to affect the manifest separation between the two helicity com- 
ponents. Thus it seems clear that both the vector and axial vector currents 
should remain conserved. However, after the analysis we have just completed 
for the two-dimensional case, we know that we should not take these conser- 
vation laws for granted. We will now make a more careful analysis of the axial 
vector conservation law in four dimensions. 


The Axial Vector Current Operator Equation 


We begin with the case of massless four-dimensional QED. Of the three ar- 
guments that we gave in the previous section for the two-dimensional axial 
current conservation law, the operator derivation generalizes most easily. The 
fermion field equations (19.21) are identical in the four-dimensional case. We 
can again adopt the gauge-invariant definition of the axial vector current 
(19.22). When we take the divergence of this current, all of the manipulations 
leading to Eq. (19.25) are still correct. 

From this point, we must compute the singular terms in the operator 
product of the two fermion fields in the limit € — 0. As in two dimensions, 
the leading term is given by contracting the two operators using a free-field 
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Figure 19.3. Expansion of y(y)p(z) in the presence of a background gauge 
field. 


propagator. This contribution gives 


mL 4k . i 
wy)b(2) = J d eioan ik 


(27)* 
i 1 
7 der (y — z) 
—i ey = Z)a 
=? Go (19.40) 


This is highly singular as (y — z) — 0, but it gives zero when traced with 
yy. To find a nonzero result, we must consider terms of higher order in the 
expansion of the product of operators. 

In a nonzero background gauge field, the contraction of fermion fields 
is given by the series of diagrams shown in Fig. 19.3. We have computed the 
i a in this series in (19.40). The higher terms give less singular terms 

—z)— 0. The second term in the series is given by 


A A i 
ae - E dtk on —i(k+p)-y pik-z erat (—ied(p)) $. (19.41) 


This contribution leads to 
(h(a + $h” — §)) 
dtk dp , i i 
= [CE EP ciety EM (iento) E 


(2m)4(2m)4 k+p) 
atk ED ipe -ipa Ae (hk + D)aAglP)hy 
= | oe 4(27)4 Garya f k2(k +p)? : (19.42) 


To evaluate the limit € — 0, we can expand the integrand for large k. Then 


— d’ ; dêk 
Get srrtaPote— p) deh fg? nA [Sane H 


abu ð i 
= dee (Ba AglE ge (see log 3) 


= 2ee“PH F g(a) (z a). (19.43) 
€ 
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Figure 19.4. Diagrams contributing to the two-photon matrix element of 
the divergence of the axial vector current. 


Substituting this expression into (19.25), we find 


aug = symm im | 50089 yg (2) (ie Fa) } (19.48 
T 


e—0 e 


Now take the symmetric limit e — 0 in four dimensions. We find 


e2 


167? 
This equation, which expresses the anomalous nonconservation of the four- 
dimensional axial current, is known as the Adler-Bell-Jackiw anomaly. Adler 
and Bardeen proved that this operator relation is actually correct to all orders 
in QED perturbation theory and receives no further radiative corrections.t 


ð j = — eCPM Bg Fv. (19.45) 


Triangle Diagrams 


We can confirm the Adler-Bell-Jackiw relation by checking, in standard per- 
turbation theory, that the divergence of the axial vector current has a nonzero 
matrix element to create two photons. To do this, we must analyze the matrix 
element 


/ d'xe~'4* (p, k| j4°(a) |0) = (21)46 (p + k — qhek(p)ek (K) Mp, k). 
(19.46) 


The leading-order diagrams contributing to M“” are shown in Fig. 19.4. The 
first diagram gives the contribution 


4 i(f— ip „i 
L sene Saa ae a a) oe 


and the second diagram gives an identical contribution with (p, v) and (k, à) 
interchanged. 

It is easy to give a formal argument that the matrix element of the di- 
vergence of the axial current vanishes at this order. Taking the divergence of 
the axial current in (19.46) is equivalent to dotting this quantity with iqu. 


İS. Adler and W. A. Bardeen, Phys. Rev. 182, 1517 (1969); S. Adler, in Deser, 
et. al. (1970). 
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Now we operate on the right-hand side of (19.47) as we do to prove a Ward 
identity. Replace 


uIP = WEP 9+ BY = V4 DY +P Y- H). (19.48) 


Each momentum factor combines with the numerator adjacent to it to cancel 
the corresponding denominator. This brings (19.47) into the form 


in <E = e [oo h Ua D afg Tin 
Key BY EYY BY Urp 

(19.49) 

Now pass y” through y° in the second term and shift the integral over the 


first term according to £ — (£ + k): 


4 
m e fE ube V UED vB + Ba, 
Ory 27 UFE? 2 Up} 
(19.50) 
This expression is manifestly antisymmetric under the interchange of (p, v) 
and (k, A), so the contribution of the second diagram in Fig. 19.4 precisely 
cancels (19.47). 

However, because this derivation involves a shift of the integration vari- 
able, we should look closely at whether this shift is allowed by the regulariza- 
tion. From (19.47), we see that the integral that must be shifted is divergent. If 
the diagram is regulated with a simple momentum cutoff, or even with Pauli- 
Villars regularization, it turns out that the shift leaves over a finite, nonzero 
term. In Chapter 7, we encountered a similar problem in our discussion of the 
QED vacuum polarization diagram. We evaded the problem there by using di- 
mensional regularization. Dimensional regularization of the diagrams of Fig. 
19.4 will automatically insure the validity of the QED Ward identities for the 
photon emission vertices, 


p MEYA = ky MHA = 0. (19.51) 


But in the analysis of the axial vector current, even dimensional regularization 
has an extra subtlety, because y° is an intrinsically four-dimensional object. 
In their original paper on dimensional regularization,! ‘t Hooft and Veltman 
suggested using the definition 


y= iy? (19.52) 
in d dimensions. This definition has the consequence that y° anticommutes 
with 7 for u = 0,1,2,3 but commutes with y# for other values of p. 

In the evaluation of (19.47), the external indices and the momenta p, 


k, q all live in the physical four dimensions, but the loop momentum £ has 
components in all dimensions. Write 


= £l + £1, (19.53) 


IG., ‘t Hooft and M. J. G. Veltman, Nucl. Phys. B44, 189 (1972). 
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where the first term has nonzero components in dimensions 0,1,2,3 and the 
second term has nonzero components in the other d—4 dimensions. Because y5 
commutes with the 4# in these extra dimensions, identity (19.48) is modified 
to 


ry = (9+ WP +P O- P) O- A. (19.54) 


The first two terms cancel according to the argument given above; the shift 
in (19.50) is justified by the dimensional regularization. However, the third 
term of (19.54) gives an additional contribution: 


. d — + 

iqu <A =e f j af 2%% ie a yò fo ie 2 . (19.55) 
To evaluate this contribution, combine denominators in the standard way, and 
shift the integration variable £ — £ + P, where P = xk — yp. In expanding 
the numerator, we must retain one factor each of y”, yò, y, and Ķ to give a 
nonzero trace with y°. This leaves over one factor of /, and one factor of 4 
which must also be evaluated with components in extra dimensions in order 
to give a nonzero integral. The factors #7, anticommute with the other Dirac 
matrices in the problem and thus can be moved to adjacent positions. Then 
we must evaluate the integral 


d‘é 
Fess nso 


where A is a function of k, p, and the Feynman parameters. Using 


YY = a C-9p (19.57) 


under the symmetrical integration, we can evaluate (19.56) as 


i (d-4) T(2-$) -i 
(4r)4/2 2  T(3)A2-4/2 P 4m)? 


(19.58) 


Notice the behavior in which a logarithmically divergent integral contributes 
a factor (d — 4) in the denominator and allows an anomalous term, formally 
proportional to (d — 4), to give a finite contribution. The remainder of the 
algebra in the evaluation of (19.55) is straightforward. The terms involving 
the momentum shift P cancel, and we find 


ae -elger 


e? A8 


(19.59) 
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This term is symmetric under the interchange of (p,v) with (k, A), so the 
second diagram of Fig. 19.4 gives an equal contribution. Thus, 
2 


. eC" av . * - * 
(p, kl Oyj? (0) 10) = ~ pe” (apa Jeb ()(—iha)EACR) 
y (19.60) 
e av 
= 1672 (p, kle OF Fay (0) |0), 


as we would expect from the Adler-Bell-Jackiw anomaly equation. 


Chiral Transformation of the Functional Integral 


A third way of understanding the Adler-Bell-Jackiw anomaly comes from an- 
alyzing the conservation law for the axial vector current from the functional 
integral for the fermion field. In Section 9.6, we used the functional integral 
to derive the current conservation equations and the Ward identities associ- 
ated with any symmetry of the Lagrangian. It is instructive to see how this 
argument breaks down when we apply it to the chiral symmetry of massless 
fermions. 

We first review the standard derivation of the axial vector Ward identities 
following the method of Section 9.6. Starting from the fermionic functional 
integral 


Z= foen exp fi fate BUD), (19.61) 
make the change of variables 

Yla) > y(x) = (1 + ia(2)y\v(e), 

W(x) > p(z) = (1 + ia(x)y). 


Since the global chiral rotation, with constant a, is a symmetry of the La- 
grangian, the only new terms in the Lagrangian that result from (19.62) con- 
tain derivatives of a. Thus, 


[ivupw = [ato GD - oaa] 


(19.62) 


E (19.63) 
~ / dx [hb iD)b + a(x) Oy (by!y?y)]. 


Then, by varying the Lagrangian with respect to a(x), we derive the classical 
conservation equation for the axial current. By carrying out a similar manipu- 
lation on the functional expression for a correlation function, as in Eq. (9.102), 
we would derive the associated Ward identities. 

In the argument just given, we assumed that the functional measure does 
not change when we change variables from w(x) to y. This seems reasonable, 
because the relation of y’ and y in (19.62) looks like a unitary transformation. 
However, we should examine this point more closely.* First, we must carefully 


*K. Fujikawa, Phys. Rev. Lett. 42, 1195 (1979); Phys. Rev. D21, 2848 (1980). 
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define the functional measure. To do this, expand the fermion field in a basis 
of eigenstates of M. Define right and left eigenvectors of P by 


(iD) bm = Amm, bm (iD) = ~iDudmy" = Ain Om: (19.64) 


For zero background A, field, these eigenstates are Dirac wavefunctions of 
definite momentum; the eigenvalues satisfy 


A2, = k? = (k°)? — (k)?. (19.65) 


For a fixed A, field, this is also the asymptotic form of the eigenvalues for 
large k. These eigenfunctions give us a basis that we can use to expand w and 


ap: 
=J amm), U(x) = $ ambm(2), (19.66) 


where am, Gm are anticommuting coefficients multiplying the c-number eigen- 
functions (19.64). The functional measure over 7, 7% can then be defined as 


DyDy = | | damdim, (19.67) 


and the functional measure over w’, ọ' can be defined in the same way. 
If y'(£) = (1 + ia(x)y°)v(z), the expansion coefficients of y and y’ are 
related by a infinitesimal linear transformation (1+ C), computed as follows: 


on = Df edhte (1+ ta(x)y Vobn(t)an = S (mn + Cran) On: (19.68) 


nm 


Then 
Dy' Dy = T? -DwDy, (19.69) 


where J is the Jacobian determinant of the transformation (1 + C). The 
inverse of J appears in (19.69) as a result of the rule (9.63) or (9.69) for 
fermionic integration. To evaluate J, we write 


J = det(1+C) = exp [tr log(1 + C)] = exp £ Cnn +`: |: (19.70) 


and we can ignore higher order terms in the last line because C is infinitesimal. 
Thus, 


log J =i | drale ) DL onle) n(x) (19.71) 


The coefficient of a(x) looks like tr[y°| = 0. However, we must regularize the 
sum over eigenstates n in a gauge-invariant way. The natural choice is 


Soie) bale) = lim L De hl) eh IME (19.72) 
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As (19.65) indicates, the sign of \?, will be negative at large momentum after 
a Wick rotation; thus, the sign in the exponent of the convergence factor is 
given correctly. We can write (19.72) in an operator form 


De oh(e)yon(w) = tim 2 Ae eCPM? n(x) 


aa (19.73) 
— y 5 (P)? /M 
= lim eleh e | |z), 


where, in the second line, we trace over Dirac indices. 
To evaluate (19.73), we rewrite (iJ)? according to (16.107). In our present 
conventions, this equation reads 


(ip)? = —D? + S0 Fyr, (19.74) 


with of” = ijy”, y]. Since we are taking the limit M — oo, we can con- 
centrate our attention on the asymptotic part of the spectrum, where the 
momentum & is large and we can expand in powers of the gauge field. To ob- 
tain a nonzero trace with y°, we must bring down four Dirac matrices from 
the exponent. The leading term is given by expanding the exponent to order 
(a - F)*, and then ignoring the background A,, field in all other terms. This 
gives 


: 5 (—D? +(e/2)o-F)/M? 
Jim, (x| tr[y°e | |x) 


e , 2 “ata (19.75) 
= jim | tr bs (sao Fu(z)) | (x| e |x). 
The matrix element in (19.75) can be evaluated by a Wick rotation: 
dtk ; 
(e N le) = fins J gg E 
4 
- Jk kE KE /M? (19.76) 
(27)* 
M4 
j—— 
167? 
Then (19.75) reduces to 
lim zM’ tr h yEy AT F „Fao(2)] 


2 
e Q y 
=- OMY Pg Fu (2). 


Thus, 


J =exp [-i fate a(z) (5 HA Fu Fro (a))]. (19.78) 
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In all, we find that, after the change of variables (19.62), the functional integral 
(19.61) takes the form 


2 

Z= f Dy Dy exp [ f a'x( apy + aa) apj” + at Fa Poo} )| . 

(19.79) 

Varying the exponent with respect to a(x), we find precisely the Adler-Bell- 
Jackiw anomaly equation. 

This derivation of the axial vector anomaly is especially interesting be- 
cause it generalizes readily to any even dimensionality. The functional deriva- 
tion always picks out for the right-hand side of the anomaly equation the 
pseudoscalar operator built from gauge fields that has the same dimension, d, 
as the divergence of the current. In two dimensions, this derivation leads im- 
mediately to (19.18). As long as d is even, we can always construct a matrix 
¥° that anticommutes with all of the Dirac matrices by taking their product. 
Then, the functional derivation leads straightforwardly to the result 

2e” 


a, jt = (—1)? +1 enhan f 


nl(4ir)" pane” Pan —apens (19.80) 


where n = d/2. 

At the end of the previous section, we argued that the axial vector 
anomaly leads to global nonconservation of fermionic charges in a two- 
dimensional system with a macroscopic electric field. In the same way, the 
four-dimensional anomaly equation leads to global nonconservation of the 
number of left- and right-handed fermions in background fields in which the 
right-hand side of (19.45) is nonzero. These are field configurations with par- 
allel electric and magnetic fields. In Problem 19.1, we work out an example 
of four-dimensional massless fermions in a simple situation of this type and 
show that the fermion numbers are indeed violated, in a manner similar to 
what we saw at the end of Section 19.1, in accord with the Adler-Bell-Jackiw 
anomaly. 


19.3 Goldstone Bosons and Chiral Symmetries in QCD 


The Adler-Bell-Jackiw anomaly has a number of important implications for 
QCD. To describe these, we must first discuss the chiral symmetries of QCD 
systematically. In this discussion, we will ignore all but the lightest quarks u 
and d. In many analyses of the low-energy structure of the strong interactions, 
one also treats the s quark as light; this gives results that naturally generalize 
the ones we will find below. 

The fermionic part of the QCD Lagrangian is 


L = ūiPu + diPd — m ŭu — madd. (19.81) 


If the u and d quarks are very light, the last two terms are small and can 
be neglected. Let us study the implications of making this approximation. If 
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we ignore the u and d masses, the Lagrangian (19.81) of course has isospin 
symmetry, the symmetry of an SU(2) unitary transformation mixing the u 
and d fields. However, because the classical Lagrangian for massless fermions 
contains no coupling between left- and right-handed quarks, this Lagrangian 
actually is symmetric under the separate unitary transformations 


(GeO Gali, om 


It is useful to separate the U(1) and SU (2) parts of these transformations; then 
the symmetry group of the classical, massless QCD Lagrangian is SU(2) x 
SU(2) x U(1) x U(1). Let Q denote the quark doublet, with chiral components 


aSU AE ane 


Then we can write the currents associated with these symmetries as 
jE = QQ, jR = Qrv"'Qr, 
I= QT QL jk = Qny"7°Qr, 


where 7° = o°/2 represent the generators of SU (2). The sums of left- and 
right-handed currents give the baryon number and isospin currents 


jh =Q7"Q, j = QTQ. (19.85) 


The corresponding symmetries are the transformations (19.82) with Uz = Ur. 
The differences of the currents (19.84) give the corresponding axial vector 
currents j#°, j#5: 


(19.84) 


JŽ =GP, j = GTQ. (19.86) 


In the discussion to follow, we will derive conclusions about the strong inter- 
actions by assuming that the classical conservation laws for these currents are 
not spoiled by anomalies. We will show below that this assumption is correct 
for the isotriplet currents j#5® but not for j#°. 

The vector SU(2) x U(1) transformations are manifest symmetries of the 
strong interactions, and the associated currents lead to familiar conservation 
laws. What about the orthogonal, axial vector, transformations? These do 
not correspond to any obvious symmetry of the strong interactions. In 1960, 
Nambu and Jona-Lasinio hypothesized that these are accurate symmetries of 
the strong interactions that are spontaneously broken.t This idea has led to 
a correct and surprisingly detailed description of the properties of the strong 
interactions at low energy. 


ty, Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961). 
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Figure 19.5. A quark-antiquark pair with zero total momentum and angular 
momentum. 


Spontaneous Breaking of Chiral Symmetry 


Before we describe the consequences of spontaneously broken chiral symmetry, 
let us ask why we might expect the chiral symmetries to be spontaneously 
broken in the first place. In the theory of superconductivity, a small electron- 
electron attraction leads to the appearance of a condensate of electron pairs 
in the ground state of a metal. In QCD, quarks and antiquarks have strong 
attractive interactions, and, if these quarks are massless, the energy cost of 
creating an extra quark-antiquark pair is small. Thus we expect that the 
vacuum of QCD will contain a condensate of quark-antiquark pairs. These 
fermion pairs must have zero total momentum and angular momentum. Thus, 
as Fig. 19.5 shows, they must contain net chiral charge, pairing left-handed 
quarks with the antiparticles of right-handed quarks. The vacuum state with 
a quark pair condensate is characterized by a nonzero vacuum expectation 
value for the scalar operator 


(0| QQ |0) = (0| LAr + ARQ |0) #0, (19.87) 


which transforms under (19.82) with Uz # Ur. The expectation value signals 
that the vacuum mixes the two quark helicities. This allows the u and d quarks 
to acquire effective masses as they move through the vacuum. Inside quark- 
antiquark bound states, the u and d quarks would appear to move as if they 
had a sizable effective mass, even if they had zero mass in the original QCD 
Lagrangian. 

The vacuum expectation value (19.87) signals the spontaneous breaking 
of the full symmetry group (19.82) down to the subgroup of vector symmetries 
with Uz; = Up. Thus there are four spontaneously broken continuous symme- 
tries, associated with the four axial vector currents. At the end of Section 
11.1, we proved Goldstone’s theorem, which states that every spontaneously 
broken continuous symmetry of a quantum field theory leads to a massless 
particle with the quantum numbers of a local symmetry rotation. This means 
that, in QCD with massless u and d quarks, we should find four spin-zero 
particles with the correct quantum numbers to be created by the four axial 
vector currents. 

The real strong interactions do not contain any massless particles, but 
they do contain an isospin triplet of relatively light mesons, the pions. These 
particles are known to have odd parity (as we expect if they are quark- 
antiquark bound states). Thus, they can be created by the axial isospin cur- 
rents. We can parametrize the matrix element of j#°* between the vacuum 
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and an on-shell pion by writing 
(0| j#°*(x) |m?(p)) = ip" frete E, (19.88) 


where a,b are isospin indices and f, is a constant with the dimensions of 
(mass). We show in Problem 19.2 that the value of f, can be determined from 
the rate of w+ decay through the weak interaction; one finds fr = 93 MeV. 
For this reason, f, is often called the pion decay constant. If we contract 
(19.88) with p, and use the conservation of the axial currents, we find that 
an on-shell pion must satisfy p? = 0, that is, it must be massless, as required 
by Goldstone’s theorem. 

If we now restore the quark mass terms in (19.81), the axial currents are 
no longer exactly conserved. The equation of motion of the quark field is now 


where 0 
Mu 
m = ( 0 ma) (19.90) 


is the quark mass matrix. Then one can readily compute 
d j” = iQ{m,77}Q. (19.91) 
Using this equation together with (19.88), we find 
(0| 8,,5°* (0) |x°(p)) = -p° f8” = (0/iQ{m, r7}9°Q |r" (p)). (19.92) 
The last expression is an invariant quantity times 
tr[{m, 7° }7°] = 46°°(my + ma). (19.93) 
Thus, the quark mass terms give the pions masses of the form 
2 
mÈ = (my, +m). (19.94) 
fr 
The mass parameter M has been estimated to be of order 400 MeV. Thus, 
to give the observed pion mass of 140 MeV, one needs only (my + Ma) ~ 10 
MeV. This is a small perturbation on the strong interactions. 

This argument has an interesting implication for the nature of the isospin 
symmetry of the strong interactions. In the limit in which the u and d quarks 
have zero mass in the Lagrangian, these quarks acquire large, equal effective 
masses from the vacuum with spontaneously broken chiral symmetry. As long 
as the masses m, and ma in the Lagrangian are small compared to the effec- 
tive mass, the u and d quarks will behave inside hadrons as though they are 
approximately degenerate. Thus the isospin symmetry of the strong interac- 
tions need have nothing to do with a fundamental symmetry linking u and d; 
it follows for any arbitrary relation between m, and ma, provided that both 
of these parameters are much less than 300 MeV. Similarly, the approximate 
SU(3) symmetry of the strong interactions follows if the fundamental mass of 
the s quark is also small compared to the strong interaction scale. The best 
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Figure 19.6. Matrix element of the axial isospin current in the nucleon: (a) 
kinematics of the amplitude; (b) contribution that leads to a pole in g. 


current estimates of the mass ratios Mu : Ma : Ms are in fact 1 : 2 : 40, so 
that the fundamental Lagrangian of the strong interactions shows no sign of 
flavor symmetry among the quark masses.? 

The identification of the pions as Goldstone bosons of broken chiral sym- 
metry has a number of implications for hadronic matrix elements. Here we 
will give only one example. In the following argument, we will work in the 
limit of exact chiral symmetry, ignoring the small corrections from the u and 
d masses. 

The matrix element of the axial isospin current in the nucleon, a quantity 
that enters the theory of neutron and nuclear 8 decay, can be written in terms 
of form factors as follows: 
io’ Gy 

2m 


The kinematics of the vertex is shown in Fig. 19.6. Notice that there is one 
more possible form factor than in the vector case, Eq. (6.33). The value of F? 
at q? = 0 is not restricted by the value of any manifestly conserved charge. 
Conventionally, one writes simply 


(NIIH (a) N) = aly FP (q*) 4 F3(q) 4 FRP) u (19.95) 


F?(0) = ga. (19.96) 


However, we will now show that the value of this quantity can be computed. 
If we ignore quark masses, the axial vector current in (19.95) is conserved, 
so the form factors satisfy 


0= ap) jorrie) + PER) u(p) 
= aly’) Q — PP F(q2) + PPEP) u(p) (19.97) 


= u(p') arn PRCA) + PFW) u(p). 


?The determination of the fundamental quark masses is reviewed by J. Gasser 
and H. Leutwyler, Phys. Repts. 8, 77 (1982). 
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Thus, we find 
2 
. q 
ga = lim 


F°(q’). 19.98 
go ZMN 3 (7°) (19.98) 


This equation implies that gą = 0 unless F$ contains a pole in g?. Such a 
pole would imply the presence of a physical massless particle, but fortunately, 
there is one available—the massless pion. The process in which the current 
creates a pion that is then absorbed by the nucleon indeed leads to a pole in 
F3(q), as shown in Fig. 19.6(b). 

Let us now compute this pole term and use it to determine gą. The 
low-energy pion-nucleon interaction is conventionally parametrized by the La- 
grangian 

AL= ignnnT’ Ny? oN. (19.99) 


The amplitude for the current j“°* to create the pion is given by (19.88). 
Then the contribution of Fig. 19.6(b) to the current vertex is 


i 


—InnnU(2r?y?)u- p (it fr): (19.100) 
Thus, 
1 
F3(7) = Bo frIann. (19.101) 


We find that ga is given by a combination of f+, the nucleon mass, and the 
pion-nucleon coupling constant: 


ga = ft yy. (19.102) 
MN 


This strange identity, called the Goldberger- Trieman relation, is satisfied ex- 
perimentally to 5% accuracy. 

The identification of the pion as the Goldstone boson of spontaneously 
broken chiral symmetry leads to numerous other predictions for current matrix 
elements and pion scattering amplitudes. In particular, the leading terms of 
the pion-pion and pion-nucleon scattering amplitudes at low energy can be 
computed directly in terms of fy by arguments similar to one just given.* 


Anomalies of Chiral Currents 


Up to this point, we have discussed the chiral symmetries of QCD according 
to the classical current conservation equations. We must now ask whether 
these equations are affected by the Adler-Bell-Jackiw anomaly, and what the 
consequences of that modification are. 

To begin, we study the modification of the chiral conservation laws due 
to the coupling of the quark currents to the gluon fields of QCD. The ar- 
guments given in the previous section go through equally well in the case of 


*The detailed consequences of spontaneously broken chiral symmetry are worked 
out in a very clear manner in Georgi (1984). 
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pda + pda u 
g g 


Figure 19.7. Diagrams that lead to an axial vector anomaly for a chiral 
current in QCD. 


massless fermions coupling to a non-Abelian gauge field, so we expect that an 
axial vector current will receive an anomalous contribution from the diagrams 
shown in Fig. 19.7. The anomaly equation should be the Abelian result, sup- 
plemented by an appropriate group theory factor. In addition, since the axial 
current is gauge invariant, the anomaly must also be gauge invariant. That 
is, it must contain the full non-Abelian field strength, including its nonlinear 
terms. These terms are actually included in the functional derivation of the 
anomaly given at the end of Section 19.2. 

For the axial currents of QCD, written in (19.86), we can read the group 
theory factors for the Adler-Bell-Jackiw anomaly from the diagrams of Fig. 
19.7. For the axial isospin currents, 


2 
.u5a __ g B d d 
pjt = -iai wy Be Fa, teirt], (19.103) 
where Fi is a gluon field strength, 7° is an isospin matrix, t° is a color matrix, 
and the trace is taken over colors and flavors. In this case, we find 


tr[7°t°t"| = tr[r*] tr[t°t*] = 0, (19.104) 


since the trace of a single 7° vanishes. Thus the conservation of the axial 
isospin currents is unaffected by the Adler-Bell-Jackiw anomaly of QCD. How- 
ever, in the case of the isospin singlet axial current, the matrix 7° is replaced 
by the matrix 1 on flavors, and we find 


2 
Oyj? = — SO Fig Fi (19.105) 
where ny is the number of flavors; ny = 2 in our current model. 

Thus, the isospin singlet axial current is not in fact conserved in QCD. The 
divergence of this current is equal to a gluon operator with nontrivial matrix 
elements between hadron states. Some subtle questions remain concerning the 
effects of this operator. In particular, it can be shown, as we saw for the two- 
dimensional axial anomaly in Eq. (19.31), that the right-hand side of (19.105) 
is a total divergence. Nevertheless, again in accord with our experience in 
two dimensions, there are physically reasonable field configurations in which 
the four-dimensional integral of this term takes a nonzero value. This topic 
is discussed further at the end of Section 22.3. In any event, Eq. (19.105) 
indeed implies that QCD has no isosinglet axial symmetry and no associated 
Goldstone boson. This equation explains why the strong interactions contain 
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no light isosinglet pseudoscalar meson with mass comparable to that of the 
pions. 

Though the axial isospin currents have no axial anomaly from QCD in- 
teractions, they do have an anomaly associated with the coupling of quarks 
to electromagnetism. Again referring to the diagrams of Fig. 19.7, we see that 
the electromagnetic anomaly of the axial isospin currents is given by 


e? 
167r? 


where Fu» is the electromagnetic field strength, Q is the matrix of quark 
electric charges, 


H50 o 


OJ EPR Fog Fy + tr[7°Q?], (19.106) 


3 0 
a=(§ “): (19.107) 


and the trace again runs over flavors and colors. Since the matrices in the trace 
do not depend on color, the color sum simply gives a factor of 3. The flavor 
trace is nonzero only for a = 3; in that case, the electromagnetic anomaly is 


2 
8j = — a5 MY Fag Fw. (19.108) 

Because the current j“° annihilates a r? meson, Eq. (19.108) indicates 
that the axial vector anomaly contributes to the matrix element for the decay 
n° — 2y. We will now show that, in fact, it gives the leading contribution to 
this amplitude. Again, we work in the limit of massless u and d quarks, so 
that the chiral symmetries are exact up to the effects of the anomaly. 

Consider the matrix element of the axial current between the vacuum and 
a two-photon state: 


(p, k| 3°? (q) |0) = M" (p, k). (19.109) 


This is the same matrix element (19.46) that we studied in QED perturbation 
theory in Section 19.2. Now, however, we will study the general properties of 
this matrix element by expanding it in form factors. In general, the amplitude 
can be decomposed by writing all possible tensor structures and applying 
the restrictions that follow from symmetry under the interchange of (p, v) 
and (k, à) and the QED Ward identities (19.51). This leaves three possible 
structures: 


MPYA — ge pakgMı + (e48 kò — 8 p) kapas Mo 


19.110 
+ [ (ctv pò — PPK) kapp _ er^ (p _ kop . k] M3. ( ) 


The second term satisfies (19.51) by virtue of the on-shell conditions p? = 
k? =0. 

Now contract (19.110) with (iq, ) to take the divergence of the axial vector 
current. We find 


iqu M> = ig >P pakgMı — je”? a (p —k)op-kMs; (19.111) 
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q 

ky 


Figure 19.8. Contribution that leads to a pole in the axial vector current 
form factor Mı. 


the other terms automatically give zero. Using q = p+ k, q? = 2p-k, we can 
simplify this to 


iqu MH = igre? pakg( Mı + Ms). (19.112) 


The whole quantity is proportional to q? and apparently vanishes in the limit 
q? — 0. This contrasts with the prediction of the axial vector anomaly. Taking 
the matrix element of the right-hand side of (19.108), we find 


2 
> Vv e faa Q 
iq M> = “736 ABD kg. (19.113) 


The conflict can be resolved if one of the form factors appearing in (19.112) 
contains a pole in q?. Such a pole can arise through the process shown in 
Fig. 19.8, in which the current creates a n? meson which subsequently decays 
to two photons. The amplitude for the current to create the meson is given 
by (19.88). Let us parametrize the pion decay amplitude as 


iM (n° — 2y) = idd ern kg, 19.114 
` B 


where A is a constant to be determined. Then the contribution of the process 
of Fig. 19.8 to the amplitude M#” defined in (19.109) is 


(ig fn) i (ide, kg). (19.115) 


This is a contribution to the form factor My, 
Mi = = fn A, (19.116) 
q 


plus terms regular at q? = 0. Now, by equating (19.112) to (19.113), we 
determine A in terms of the coefficient of the anomaly: 


e 1 


= —- —. 19.11 
iF. (19.117) 


From the decay matrix element (19.114), it is straightforward to work out 
the decay rate of the 7°. Note that, though we have worked out the decay 
matrix element in the limit of a massless 7°, we must supply the physically 
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correct kinematics which depends on the 7° mass. Including a factor 1/2 for 
the phase space of identical “_ we find 


1 
Pa 20) = sia eg Do ME >f 

1 

= . A2 .2(n- ky? (19.118) 
327M x (P: k) 
— 42, må 
T 64r 
Thus, finally, 
2 m3 
0 — Q Mr 


This relation, which provides a direct measure of the coefficient of the Adler- 
Bell-Jackiw anomaly, is satisfied experimentally to an accuracy of a few per- 
cent. 


19.4 Chiral Anomalies and Chiral Gauge Theories 


Up to this point, we have coupled gauge fields to fermions in a parity- 
symmetric manner, replacing the derivative in the Dirac equation by a covari- 
ant derivative. This procedure couples the gauge field to the vector current of 
fermions. However, this procedure gives only a subset of the possible couplings 
of fermions to gauge bosons. In this section we will construct more general, 
parity-asymmetric, couplings and discuss their interplay with the axial vector 
anomaly. 

We will focus primarily on theories of massless fermions. If the Lagrangian 
contains no fermion mass terms, it has no terms that mix the two helicity 
states of a Dirac fermion. Thus, in a theory that contains massless Dirac 
fermions w;, we can write the kinetic energy term in the helicity basis (3.36) 
as 


L = Vj iF Wri + Vito Wri. (19.120) 


There is no difficulty in coupling this system to a gauge field by assigning 
the left-handed fields Yz; to one representation of the gauge group G and 
assigning the right-handed fields to a different representation. For example, 
we might assign the left-handed fields to a representation r of G and take the 
right-handed fields to be invariant under G. This gives 


L = White Dýri + Vito - Obri, (19.121) 
with D, = 0, — ig Antr. In more conventional notation, (19.121) becomes 
5 


L= Jig" (a, - igap (- m ))u. (19.122) 
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It is straightforward to verify that the classical Lagrangian (19.122) is invari- 
ant to the local gauge transformation 


p= (1+iate(FP))e. 


1 (19.123) 

Al, > Ar + yew + fore Aba’, 
which generalizes (15.46). Since the right-handed fields are free fields, we can 
even eliminate these fields and write a gauge-invariant Lagrangian for purely 
left-handed fermions. 

The idea of gauge fields that couple only to left-handed fermions plays a 
central role in the construction of a theory of weak interactions. The coupling 
of the W boson to quarks and leptons described in (17.31) can be derived by 
assigning the left-handed components of quarks and leptons to doublets of an 
SU(2) gauge symmetry 


QL = (i): Li = OR (19.124) 


and then identifying the W bosons as gauge fields that couple to this SU (2) 
group. In this picture, it is the restriction of the symmetry to left-handed 
fields that leads to the helicity structure of the weak interaction effective 
Lagrangian. We will discuss a complete, explicit model of weak interactions, 
incorporating this idea, in the next chapter. 

To work out the general properties of chirally coupled fermions, it is useful 
to rewrite their Lagrangian with one further transformation. Below Eq. (3.38), 
we noted that the quantity ot transforms under Lorentz transformations as 
a left-handed field. Thus it is useful to rewrite the right-handed components 
in (19.120) as new left-handed fermions, by defining 


Vi = ori, A = Wyo. (19.125) 
This transformation relabels the right-handed fermions as antifermions and 


calls their left-handed antiparticles a new species of left-handed fermions. By 
using (3.38), we can rewrite the Lagrangian for the right-handed fermions as 


[es wh,io- OUR: = [es Yi iG «Outs. (19.126) 


The minus sign from fermion interchange cancels the minus sign from inte- 
gration by parts. Notice that, if the fermions are coupled to gauge fields in 
the representation r, this manipulation changes the covariant derivative as 
follows: 


Whio - (0 — igA%t® br = wis - (8 + ig A(t)" Wi, 
= phia- (8 —igA%t®) Wh. 


Thus the new fields y}, belong to the conjugate representation to r, for which 
the representation matrices are given by (15.82). In this notation, QCD with 


(19.127) 
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ny flavors of massless fermions is rewritten as an SU (3) gauge theory coupled 
to nf massless fermions in the 3 and ny massless fermions in the 3 represen- 
tation of SU(3). The most general gauge theory of massless fermions would 
simply assign left-handed fermions to an arbitrary, reducible representation 
R of the gauge group G. We have just seen that rewriting a system of Dirac 
fermions leads to R = r@?, a real representation in the sense described below 
(15.82). Conversely, if R is not a real representation, then the theory cannot 
be rewritten in terms of Dirac fermions and is intrinsically chiral. 

The rewriting (19.125) transforms the mass term of the QCD Lagrangian 
as follows: 


mip,vi = mht + h.c.) = —m( ows + h.c.). (19.128) 


This has the form of the Majorana mass term that we encountered in Problem 
3.4. The most general mass term that can be built purely from left-handed 
fermion fields is 

ALm = Mayli’ Yr; + hc. (19.129) 


The matrix Mj; is symmetric under i © j, since the minus sign from the an- 
tisymmetry of o? is compensated by a minus sign from fermion interchange. 
This mass term is gauge invariant if Mj; is invariant under G. For example, 
the mass term in (19.128) couples 3 and 3 indices together in an SU (3) singlet 
combination. In general, a gauge-invariant mass term exists if the represen- 
tation containing the fermions is strictly real, in the sense described below 
(15.82). In an intrinsically chiral theory, there is no possible gauge-invariant 
mass term. We will see in the next chapter that, in the gauge theory of the 
weak interactions, mass terms for the quarks and leptons are forbidden by 
gauge invariance. We will present a solution to this problem in Section 20.2. 

At the classical level, there is no restriction on the representation R of the 
left-handed fermions. However, at the level of one-loop corrections, many pos- 
sible choices become inconsistent due to the axial vector anomaly. In a gauge 
theory of left-handed massless fermions, consider computing the diagrams of 
Fig. 19.9, in which the external fields are non-Abelian gauge bosons and the 
marked vertex represents the gauge symmetry current 


1-7? 
2 
The gauge boson vertices also contain factors of (1 — y°)/2. The three pro- 
jectors can be moved together into a single factor. Then, if we regularize 


this diagram as in Section 19.2, the term containing a y° has an axial vector 
anomaly that leads to the relation 


jt = By ( Jey. (19.130) 


2 
(p, vs b; k, A, el Baj”? 0) = Zz paka AM, (19.131) 


where A®®° is a trace over group matrices in the representation R: 


Ave = tr [t {t,t (19.132) 
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Figure 19.9. Diagrams contributing to the anomaly of a gauge symmetry 
current in a chiral gauge theory. 


This equation implies that, unless A®®° vanishes, the current j”® is not con- 
served. The factor (19.132) is totally symmetric in (a,b,c), so this condition 
is independent of which current is treated as an external operator. As we de- 
scribed in Sections 19.1 and 19.2, we can change the regularization of the 
diagram so that the external current is conserved, but only at the price of 
violating the conservation of one of the other two currents in the diagram. 

Since the whole construction of a theory with local gauge invariance is 
based on the existence of an exact global symmetry, the violation of the con- 
servation of j”° does violence to the structure of the theory. For example, 
triangle diagrams of the form of Fig. 19.9 will now generate divergent gauge 
boson mass terms and will upset the delicate relations between three- and 
four-point vertices discussed in Chapter 16. These relations, following from 
the Ward identity, were necessary to insure the cancellation of unphysical 
states and the unitarity of the S-matrix. The only way to avoid this prob- 
lem is to insist that A2°° = 0 as a fundamental consistency condition for 
chiral gauge theories.t Gauge theories satisfying this condition are said to be 
anomaly free. 

As an example of the application of this condition, consider the prototype 
weak interaction gauge theory that we presented in (19.124). If the two gauge 
bosons in Fig. 19.9 are SU(2) gauge bosons and the current j#* is an SU(2) 
gauge current, we would evaluate (19.132) by substituting t° = 7° = o%/2 
and using the relation {a°, 0°} = 26°°. This gives 


st [o° - 26°] = 0, (19.133) 


A% — 
so the consistency condition is satisfied. If the fermions in (19.124) also cou- 
ple to electromagnetism, there is an additional consistency condition that we 
would find by taking the current in Fig. 19.9 to be the electromagnetic current. 
The factor A®°° for this case is 


tr [Q{r’, Te}, (19.134) 


where Q is the matrix of electric charges. If we simplify as in (19.133), the 
trace (19.134) becomes 


$ tr[Q]s”’. (19.135) 


İD. J. Gross and R. Jackiw, Phys. Rev. D6, 477 (1972). 
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This factor is proportional to the sum of the fermion electric charges, which 
does not vanish either for quarks or for leptons. However, if we sum over one 
quark doublet and one lepton doublet, with a factor 3 for colors, we find 


tr[Q] =3-(3-4)+(0-1) =0. (19.136) 


Remarkably, the weak interaction gauge theory described by (19.124) can be 
consistently combined with QED only if the theory contains equal numbers 
of quark and lepton doublets. 

We complete this section by working out more generally the condition 
that a chiral gauge theory be anomaly free. We will first derive some basic 
properties of the anomaly factor A®°° and then apply these to chiral gauge 
theories with simple gauge groups. 

If the fermion representation R is real, R is equivalent to its conjugate 
reprsentation R. Thus, as we described below (15.82), % is related by a uni- 
tary transformation to th = —(t%)?. Since (19.132) is invariant to unitary 
transformations of the t°, we can replace th by th. Then 


Arve =—tr K t4 ty? ( tT 
— tr[{t°, t }t7] (19.137) 
— Ae, 


Thus, if R is real, the gauge theory is automatically anomaly free. As a special 
case, any gauge theory of Dirac fermions is anomaly free. 

In more general circumstances, we can simplify the calculation of A®°° by 
noting that it is an invariant of the gauge group G that is totally symmetric 
with three indices in the adjoint representation. For some possible groups, a 
suitable invariant may not exist, and in those cases A®°° must vanish. For ex- 
ample, in SU(2) the adjoint representation has spin 1. The symmetric product 
of two spin-1 multiplets gives spin 0 plus spin 2, with no spin-1 component. 
Thus, there is no symmetric tensor coupling two spin-1 indices to give a spin 1. 
The factor (19.132) must then vanish in any SU(2) gauge theory. We saw this 
happen in an explicit example in Eq. (19.133). 

In SU(n) groups, n > 3, there is a unique symmetric invariant d7”° of the 
required type. It appears in the anticommutator of representation matrices of 
the fundamental representation: 


{t,t } = 260 4 deete, (19.138) 


NI N 


j 


The uniqueness of this invariant implies that, in an SU (n) gauge theory, any 
trace of the form of (19.132) is proportional to d?°°. For each representation 
r, we can define an anomaly coefficient A(r) by 


tr [te {1° tiy] = 5A(r)d™. (19.139) 


r r 


For the fundamental representation, we can see from (19.138) that A(n) = 1. 
It follows from the argument of (19.137) that 


A(F) = —A(r). (19.140) 
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For higher representations, the anomaly coefficients can be worked out using 
methods similar to those we used in Section 15.4 to compute C2(r). For exam- 
ple, we show in Problem 19.3 that, if a and s are the SU (n) representations 
corresponding to antisymmetric and symmetric two-index tensors, then 


A(a)=n-—-4, A(s)=n+4. (19.141) 


An SU(n) gauge theory is anomaly free if the anomaly coefficients of the 
various irreducible components of the fermion multiplet R sum to zero. For 
example, the SU(n) gauge theory of left-handed fermions with representation 
content 

R=a+(n—4)n (19.142) 


is anomaly free. 

Of the various simple Lie groups listed below (15.72), only SU(n), 
SO(4n + 2), and Eg have complex representations. Of these, only SU (n) and 
SO(6), which has the same Lie algebra as SU(4), have a symmetric invariant 
of the type required to build the anomaly. Gauge theories based on SO(4n+2), 
n > 2, and on Eg are automatically anomaly free. The groups SO(10) and Eg 
have been suggested as candidates for the grand unified gauge symmetry of 
particle physics, which we will discuss in Section 22.2. 

There is one further constraint on the representation content of a chiral 
gauge theory, which comes from considering its coupling to gravity. It is pos- 
sible to show that the diagrams of Fig. 19.9 give an anomaly contribution 
when computed with a gauge current j”° and external gravitational fields. 
The group-theory factor that multiplies this diagram is 


tr [th]. (19.143) 


This factor automatically vanishes if the gauge group is non-Abelian. However, 
if the gauge group of the theory contains U(1) factors, the theory cannot be 
consistently coupled to gravity unless each of the U(1) generators is traceless.* 

Once we have constructed a consistent chiral gauge theory, we have an 
additional problem of finding a prescription for calculating in this theory con- 
sistently. In a vector-like gauge theory, we can define ultraviolet-divergent 
diagrams with dimensional regularization. This guarantees that the divergent 
diagrams will be regulated in a way that respects the Ward identities of lo- 
cal gauge invariance. To generalize dimensional regularization to chiral gauge 
theories, we need to introduce a dimensional continuation of 7°. The ‘t Hooft- 
Veltman definition used to define the chiral current in Section 19.2 is not 
satisfactory, because this definition does not manifestly respect the conser- 
vation of the gauge currents. A useful alternative procedure is to define y 
formally as an object that anticommutes with all of the 7“. This prescription 
gives unambiguous, gauge-invariant results for amplitudes that are not pro- 
portional to e#”*7, at least through two-loop order. In Section 21.3, we will 


tL. Alvarez-Gaumé and E. Witten, Nucl. Phys. B234, 269 (1984). 
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use this prescription to compute loop diagrams in weak interaction theory. 
As a last resort, one can always compute with a non-gauge-invariant regula- 
tor and add non-gauge-invariant counterterms to the theory so that the gauge 
theory Ward identities remain valid. 


19.5 Anomalous Breaking of Scale Invariance 


There is one more important example of a symmetry that is an invariance at 
the classical level and is broken by quantum corrections. This is the classi- 
cal scale invariance of a massless field theory with a dimensionless coupling 
constant. In Chapter 12, we saw that a quantum field theory with no classi- 
cal dimensionful parameters still depends on a mass scale through the regu- 
larization of ultraviolet divergences, or, equivalently, through the running of 
coupling constants. We have already seen how to analyze this induced depen- 
dence on the renormalization scale using the Callan-Symanzik equation. In 
this section, we will show how the violation of classical scale invariance by 
quantum corrections can be described as a current conservation anomaly. 

In this book we have avoided giving a careful treatment of the energy- 
momentum tensor of a quantum field theory. In Section 2.2, we used Noether’s 
theorem to demonstrate that the invariance of a quantum field theory under 
spacetime translations implies the presence of a conserved tensor T#”. In 
Section 9.6, we gave an alternative derivation of this result using the functional 
integral formalism. However, to discuss the theory of scale invariance, we will 
need some more detailed properties of the energy-momentum tensor. We will 
now simply state these properties and refer elsewhere for their derivations.* 

The tensor T#” defined by expressions (2.17) and (9.99) is called the 
canonical energy-momentum tensor. The expressions that defined this tensor 
do not imply that 7” is symmetric. In fact, this tensor need not be symmetric, 
and, in a gauge theory, it need not be gauge-invariant. However, it is always 
possible to convert TH” into a symmetric and gauge-invariant tensor O#” by 
the addition 

O = THY 4 AyD HMA, (19.144) 


where S#" is antisymmetric under interchange of p and À. The form of the 
added term implies that O#” is conserved if T#” is, and that the global energy- 
momentum four-vector is unchanged, 


PY = J eT” = / re”, (19.145) 


A scale transformation of a scalar field theory can be defined as a trans- 
formation of variables 
olz) = eP (ae?), (19.146) 


*The conclusions presented in the next three paragraphs are derived with care in 
C. G. Callan, S. Coleman, and R. Jackiw, Ann. Phys. 59, 42 (1970). 
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with D = 1, the canonical mass dimension of the field. The scale transforma- 
tion is defined similarly in theories of fermion and gauge fields. If this trans- 
formation is an invariance of the classical Lagrangian, as it will be if there are 
no dimensionful couplings, this theory will possess a conserved current D#, 
called the dilatation current. The dilatation current has a simple relation to 
the symmetric energy-momentum tensor 04”: D” = OF" z,,, so that 


ðD“ = Op (19.147) 


The derivation of these results from Noether’s theorem is not straightfor- 
ward. There is a simpler derivation, which, however, uses formalism beyond 
the scope of this book. If the quantum field theory under consideration is 
coupled to gravity, then the energy-momentum tensor can be identified as 
the source of the gravitational field. This energy-momentum tensor can be 
found by varying the Lagrangian £m of matter fields with respect to the 
spacetime metric g,,,(x). This construction gives a manifestly symmetric and 
gauge-invariant tensor, which turns out to be O#”: 


ê 
O” = 2——__ [us Lm- (19.148) 
guv (T) 
A scale transformation can be represented as a change in the spacetime metric 
Gur (2) > e” Gur (2). (19.149) 


Combining (19.148) and (19.149), we see that the change in the Lagrangian 
induced by this transformation is just the trace of ©”#”. This will be equal by 
Noether’s theorem to the divergence of the corresponding current, giving us 
back Eq. (19.147). 

In QED, it is not hard to guess the form of the symmetric energy- 
momentum tensor: 


OMY = FAY + 1g” (Fyo)? + bil" DY + yD") — gh” (UD — myo 
(19.150) 
This is a gauge-invariant symmetric tensor that leads to the familiar expres- 
sion for the total energy, 


H= [EARE +B) + ulin Y + mu}. (19.151) 


For future reference, we note that these results are true at the classical level 
in any spacetime dimension d. In four dimensions, the trace of the gauge field 
terms cancels automatically. After using the Dirac equation, which is valid as 
an operator equation of motion, we find that the trace of O#” is given by 


o“, = myy (19.152) 


and indeed vanishes, classically, if m = 0. 
When quantum corrections are included, we know that a scale transfor- 
mation is not a symmetry of the theory, since the same theory referred to a 
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larger scale contains a different value of the renormalized coupling constant. 
The shift of the renormalized coupling is 


g > 9+ o(9), (19.153) 
and the corresponding change in the Lagrangian is 
O) 
=L. 19.154 
ap(g) Dg ( ) 


Thus, when quantum corrections are included, the equation for the dilatation 
current in a classically scale-invariant theory should read 


O) 
ð, D” = Of, = PDE (19.155) 
In massless QED, we can write this formula most usefully by rescaling the 
gauge fields so that the coupling constant e is removed from the covariant 


derivative: eA” — A”. Then e appears only in the term 


1 
L= -a (Fo) te, (19.156) 
and Eq. (19.155) reads 
e 
or, = 2o) (Fy). (19.157) 


This relation, which says that the trace of the symmetric energy-momentum 
tensor takes a nonzero value as a result of quantum corrections, is known as 
the trace anomaly. 

We should be able to check the trace anomaly equation (19.157) directly in 
perturbation theory. We now evaluate the trace of O#” explicitly to one-loop 
order. The formalism we have set up is very similar to that of the background 
field calculation of the 8 function done in Section 16.6. As in that section, we 
will integrate over the fluctuating parts of quantum fields in the presence of 
a background field with a nonzero F„„. Equation (19.157) predicts that this 
integration will lead to the expression 


4 
(Of) = c | aA kg — k"k”) A, (k), (19.158) 


where A, is the background field and the constant C is equal to 8(e)/e3. 
Since we will be using dimensional regularization, we should begin by 
writing the trace of O#” in d dimensions: 
4-—d — 
os, = ->y Fre)? + (1 — dpi. (19.159) 
The one-loop matrix element of this quantity proportional to two powers of 
the background field arises from the three diagrams shown in Fig. 19.10. Since 
the second term on the right-hand side of (19.159) vanishes by the equation 
of motion of y(x), one might expect that this term gives zero contribution 
to the trace. Indeed, it is easy to check that the first two diagrams in Fig. 
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k 


Figure 19.10. One-loop diagrams contributing to the anomalous trace of 
or”, 


19.10 cancel: These diagrams have the same structure, since the first has an 
extra propagator and an extra factor ø from the operator matrix element, and 
opposite overall signs. 

The first term on the left-hand side of (19.159) is unexpected, since 
it apparently vanishes in four dimensions. However, the fermion loop dia- 
gram is divergent, and in dimensional regularization, this introduces a factor 
1/(2 — d/2). As a result, this diagram gives a nonzero contribution to the op- 
erator matrix element. In massless QED, the fermion loop diagram has the 
value 


SO = i(k? gt” Kh ye p(N(2-$) + (finite)). (19.160) 


Then the complete expression for the third diagram in Fig. 19.10 is 


dtk 4-d\ 3 —i 4 1 
n — 2 — pe LLY k2 —_— 
lo Anl o ( 2-7 iG gh = k'k a ik ep raa) 4: 
(19.161) 
This is of the form of (19.158), with 
-$ (19.162) 
12r? l 


which is indeed the first @ function coefficient in massless QED. 

This discussion generalizes to QCD and other gauge theories. In a non- 
Abelian gauge theory, O#” is given by the obvious generalization of (19.150) 
with the Abelian field-strength tensor F, replaced by the non-Abelian ex- 
pression Fit, The trace of O#” is again given by 

Of, = RY, (19.163) 
plus terms that vanish by the equations of motion. In the background field 
gauge, the one-loop diagrams with the operator ©”, inserted into the loop 
cancel as above. We saw in Section 16.6 that the two-point functions in this 
gauge sum to 


—b 

= —i(k?g"” — kk’) fad (I(2—4) + (finite)), (19.164) 
T 

where 8(g) = —bog?/(47)?. Following through the logic of the previous para- 

graph, we again find the result (19.158) with the identification of C as the 

first 8 function coefficient. 
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As with the axial vector anomaly, the trace anomaly can be found in 
many different ways. For each possible method of regulating a quantum field 
theory, there is a derivation of the trace anomaly that exploits the possible 
pathology of that particular regulator. For example, if one uses a Pauli-Villars 
regulator with heavy fermions to cancel the divergence of the QED fermion 
loop diagram, the heavy fermions Y contribute a term MWW to the trace of 
©”, The loop diagram with this term inserted turns out to have a finite limit 
as M — oo, which precisely reproduces the trace anomaly. This computation 
is worked out in Problem 19.4. 

As with the axial vector anomaly, each derivation of the anomaly with 
a different regulator, taken individually, seems artificial, as if there were a 
problem with the field theory that we are not quite clever enough to fix. 
Eventually, though, we are forced to conclude that the quantum field theory 
is trying to tell us something. The anomalous symmetries of the classical 
theory cannot be promoted to symmetries of the quantum theory. Instead, 
the anomalous conservation laws require profound and qualitative changes in 
the theory from the classical to the quantum level. 


Problems 


19.1 Fermion number nonconservation in parallel E and B fields. 


(a) Show that the Adler-Bell-Jackiw anomaly equation leads to the following law 
for global fermion number conservation: If Nr and Ny are, respectively, the 
numbers of right- and left-handed massless fermions, then 


2 
ANg- AN; = -fa [te B. 


To set up a solvable problem, take the background field to be A” = (0,0, Ba!, A), 
with B constant and A constant in space and varying only adiabatically in time. 


(b) Show that the Hamiltonian for massless fermions represented in the components 
(3.36) is 


H= J Bx [uh (ie -Dyr - vb (-io- D)yz | , 


with D? = V’ — ie AŻ. Concentrate on the term in the Hamiltonian that involves 
right-handed fermions. To diagonalize this term, one must solve the eigenvalue 
equation —io - Dyr = EYR. 


(c) The Yr eigenvectors can be written in the form 


_ ( 61(2") \ ilka? 4ks?) 
PR = Gear f 


The functions ¢1 and ¢2, which depend only on zt, obey coupled first-order 
differential equations. Show that, when one of these functions is eliminated, the 
other obeys the equation of a simple harmonic oscillator. Use this observation to 
find the single-particle spectrum of the Hamiltonian. Notice that the eigenvalues 
do not depend on k2. 


(d) 


(e) 


19.2 
(a) 


(b) 


19.3 
(a) 
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If the system of fermions is set up in a box with sides of length L and periodic 
boundary conditions, the momenta kg and kg will be quantized: 


PTN; 
ki = T Z 


By looking back to the harmonic oscillator equation in part (c), show that the 
condition that the center of the oscillation is inside the box leads to the condition 


ko < eBL. 


Combining these two conditions, we see that each level found in part (c) has a 
degeneracy of 
eL?B 


2m 


Now consider the effect of changing the background A adiabatically by an 
amount (19.37). Show that the vacuum loses right-handed fermions. Repeat- 
ing this analysis for the left-handed spectrum, one sees that the vacuum gains 
the same number of left-handed fermions. Show that these numbers are in accord 
with the global nonconservation law given in part (a). 


Weak decay of the pion. 


In the effective Lagrangian for semileptonic weak interactions (18.28), the 
hadronic part of the operator is a left-handed current involving the u and d 
quarks. Show that this current is related to the quark currents of Section 19.3 
as follows: 


üry”dg = 30 + igh? — geet ijt?) 


NI = 


where 1, 2 are isospin indices. Using this identification and (19.88), show that 
the amplitude for the decay t+ — +v is given by 


iM = GF fralo yp —7)v(k), 


where p, k, q are the momenta of the mt, £t, v. 


Compute the decay rate of the pion. Show that this rate vanishes in the limit of 
zero lepton mass, and that the relative rate of pion decay to muons and electrons 
is given by 


= 1074, 


T(r" ety) _ (= J (1- m2 /m2)? 
(1 — m2 /m2)? 


T(at = utv) My 


From the measured pion lifetime, Ty = 2.6 x 1078 sec, and the pion and muon 
masses, Mr = 140 MeV, m, = 106 MeV, determine the value of fr. 


Computation of anomaly coefficients. 


Consider a product rı x r2 of SU (n) representations, which is decomposed into 
irreducible representations as in (15.98). Using the explicit form of the generators 
given in (15.99), show that the anomaly coefficients satisfy 


dy A(r2) + d2A(r1) = X` Alri). 
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(b) 


(c) 


19.4 
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As we saw in Problem 15.5, the two-index symmetric and antisymmetric ten- 
sors form irreducible representations of SU (n), which we will call s and a, re- 
spectively. In SU(3), the representation a is three-dimensional. Show that it is 
equivalent to the 3. Compute the anomaly coefficients for a and s, making use 
of the identity in part (a). 

Since SU(n) has a unique three-index symmetric tensor d*°¢ which is already 
nonvanishing in an SU(3) subgroup, we can compute the anomaly coefficient 
in SU(n) by restricting our attention to three generators in this subgroup. By 
decomposing SU(n) representations into SU(3) representations, compute the 
anomaly coefficients for a and s in SU(n) and derive Eq. (19.141). Find the 
anomaly coefficient of the j-index totally antisymmetric tensor representation 
of SU(n). Why does the result always vanish when 2j = n? 


Large fermion mass limits. In the text, we derived the Adler-Bell-Jackiw and 


trace anomalies by the use of dimensional regularization. As an alternative, one could 
imagine deriving these results using Pauli-Villars regularization. In that technique, one 
regularizes the value of a fermion loop integral by subtracting the value of the same 
loop diagram computed with fermions Y of large mass M. The parameter M plays 
the role of the cutoff and should be taken to infinity at the end of the calculation. The 
anomalies arise because some pieces of the diagrams computed for very heavy fermions 
do not disappear in the limit M — oo. These nontrivial M — œ limits are interesting 
in their own right and can have physical applications (for example, in part (c) of the 
Final Project for Part III). 


(a) 


(b) 


(c) 


(d) 


Show that the Adler-Bell-Jackiw anomaly equation is equivalent to the following 
large-mass limit of a fermion matrix element between the vacuum and a two- 
photon state: 


2 
. e T e v * * 
afin, {p klimt Pw Joy b = -Ege Apaes) (h). 


Show that the trace anomaly, at one-loop order, is equivalent to the following 
large-mass limit: 


e2 
„im, { O41 MED 0) } =i bee) Uk) ee o] 


Show that the matyix element in part (a) is ultraviolet-finite before the M —> 00 
limit is taken. Evaluate the matrix element explicitly at one-loop order and verify 
the limit claimed in part (a). 


The matrix element in part (b) has a potential ultraviolet divergence. However, 
show that the coefficient of (p- «*(k)k - e*(p)) is ultraviolet-finite, and that the 
rest of the expression is determined by gauge invariance. Compute the full ma- 
trix element using dimensional regularization as a gauge-invariant regulator and 
verify the result claimed in part (b). 


Chapter 20 


Gauge Theories with Spontaneous 
Symmetry Breaking 


In the course of this book, we have discussed three distinct fashions in which 
symmetries can be realized in a quantum field theory. The simplest case is 
a global symmetry that is manifest, leading to particle multiplets with re- 
stricted interactions. A second possibility is a global symmetry that is spon- 
taneously broken. Then, as discussed in Chapter 11,* the symmetry currents 
are still conserved and interactions are similarly restricted, but the vacuum 
state does not respect the symmetry and the particles do not form obvious 
symmetry multiplets. Instead, such a theory contains massless particles, Gold- 
stone bosons, one for each generator of the spontaneously broken symmetry. 
The third case is that of a local, or gauge, symmetry. As we saw in Chap- 
ter 15, such a symmetry requires the existence of a massless vector field for 
each symmetry generator, and the interactions among these fields are highly 
restricted. 

It is now only natural to consider a fourth possibility: What happens if we 
include both local gauge invariance and spontaneous symmetry breaking in 
the same theory? In this chapter and the next, we will find that this combina- 
tion of ingredients leads to new possibilities for the construction of quantum 
field theory models. We will see that spontaneous symmetry breaking requires 
gauge vector bosons to acquire mass. However, the interactions of these mas- 
sive bosons are still constrained by the underlying gauge symmetry, and these 
constraints can have observable consequences. 

In elementary particle physics, the principal application of spontaneously 
broken local symmetry is in the currently accepted model of weak interac- 
tions. This model, due to Glashow, Weinberg, and Salam, is introduced in 
Section 20.2. There we will see that it makes a number of precise and success- 
ful predictions for weak interaction phenomena. Remarkably, this model also 
unifies the weak interactions with electromagnetism in a single larger gauge 
theory. 


*Section 11.1 is necessary background for the present chapter, but the rest of 
Chapter 11 is not. 
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20.1 The Higgs Mechanism 


In this section we analyze some simple examples of gauge theories with spon- 
taneous symmetry breaking. We begin with an Abelian gauge theory, and 
then study several examples of non-Abelian models. 


An Abelian Example 


As our first example, consider a complex scalar field coupled both to itself 
and to an electromagnetic field: 


L= —4 (Fu)? + Dol? — V(9), (20.1) 
with D, = 0, + ieA„. This Lagrangian is invariant under the local U (1) 
transformation 


ola) = Oga), Ala) > Aple) = Zapala). (20.2) 


If we choose the potential in £ to be of the form 
=p Àa 
V(d) = got ÈGO, (20.3) 


with p? > 0, the field ¢ will acquire a vacuum expectation value and the U (1) 
global symmetry will be spontaneously broken. The minimum of this potential 
occurs at 


(¢) = ¢0 = ew (20.4) 


or at any other value related by the U(1) symmetry (20.2). 
Let us expand the Lagrangian (20.1) about the vacuum state (20.4). De- 
compose the complex field #(x) as 


olz) = go + Zal) + iġo(£)}. (20.5) 
The potential (20.3) is rewritten 
1 1 
V(9) = =h + 5 dt + Oli), (20.6) 


so that the field 4, acquires the mass m = V2y and ¢2 is the massless 
Goldstone boson. So far, this whole analysis follows that in Section 11.1. 

But now consider how the kinetic energy term of ¢ is transformed. Insert- 
ing the expansion (20.5), we rewrite 


|De? = AOAI + AOK + V2eġo “A, OM bs + ep Ay AM +-+, (20.7) 


where we have omitted terms cubic and quartic in the fields A,, ¢1, and dy. 
The last term written explicitly in (20.7) is a photon mass term 


AL = 4m ALA", (20.8) 


2 
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where the mass 
må = 2e7¢2 (20.9) 


arises from the nonvanishing vacuum expectation value of ¢. Notice that the 
sign of this mass term is correct; the physical spacelike components of Al 
appear in (20.8) as l 

AL = -im (47, 
with the correct sign for a potential energy term. 

In Chapter 7, and again in Chapter 16 for the non-Abelian case, we argued 
that a gauge boson cannot obtain a mass, unless this mass term is associated 
with a pole in the vacuum polarization amplitude. There is a counterexample 
to this result in two-dimensional spacetime; there, as we saw in Section 19.1, 
a pole of the required form can arise from the infrared singularity generated 
by a massless fermion pair. However, in four dimensions, a pole in the vac- 
uum polarization amplitude can be created only by a massless scalar particle. 
Typically, in situations with unbroken symmetry, no such particle is available. 

However, a model with a spontaneously broken continuous symmetry 
must have massless Goldstone bosons. These scalar particles have the quan- 
tum numbers of the symmetry currents, and therefore have just the right 
quantum numbers to appear as intermediate states in the vacuum polariza- 
tion. In the model we are now discussing, we can see this pole arise explicitly 
in the following way: The third term in Eq. (20.7) couples the gauge boson 
directly to the Goldstone boson ¢9; this gives a vertex of the form 


i = iV 2epo(—ik") = mak”. (20.10) 
If we also treat the mass term (20.8) as a vertex in perturbation theory, then 
the leading-order contributions to the vacuum polarization amplitude give the 
expression 


= im} g” + (mak) = (—mak”) (20.11) 


= im (ot — r ). 
The Goldstone boson supplies exactly the right pole to make the vacuum 
polarization amplitude properly transverse. 

Although the Goldstone boson plays an important formal role in this 
theory, it does not appear as an independent physical particle. The easiest 
way to see this is to make a particular choice of gauge, called the unitarity 
gauge. Using the local U(1) gauge symmetry (20.2), we can choose a(x) in 
such a way that ¢(x) becomes real-valued at every point z. With this choice, 
the field #2 is removed from the theory. The Lagrangian (20.1) becomes 


L= i (Fp)? + (0.0)? + PHALA" — V(0). (20.12) 
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If the potential V(¢) favors a nonzero vacuum expectation value of ¢, the 
gauge field acquires a mass; it also retains a coupling to the remaining, physical 
field @1. 

This mechanism, by which spontaneous symmetry breaking generates a 
mass for a gauge boson, was explored and generalized to the non-Abelian case 
by Higgs, Kibble, Guralnik, Hagen, Brout, and Englert, and is now known 
as the Higgs mechanism. However, this mechanism had an earlier application 
to the theory of superconductivity. In Chapter 8, we constructed the Landau 
description of a second-order phase transition. To describe a superconductor, 
Landau and Ginzburg coupled this theory to an external electromagnetic field; 
they obtained precisely the Lagrangian (20.1). Since the gauge field acquires a 
nonzero mass, external electromagnetic fields penetrate a superconductor only 
to the depth m3’. This explains the Meissner effect, the observed exclusion 
of macroscopic magnetic fields from a superconductor. 

The role of the Goldstone boson in the Higgs mechanism is intricate, 
and seems mysterious at this level of the discussion. We first saw that the 
involvement of the Goldstone boson is necessary, as a matter of principle, in 
order for the gauge boson to acquire a mass. We then saw that the Goldstone 
boson can be formally eliminated from the theory. However, we might argue 
that the Goldstone boson has not completely disappeared. A massless vector 
boson has only two physical polarization states; we saw in Chapter 16 that 
the longitudinal polarization state cannot be produced, and appears in the 
formalism only to cancel other unphysical contributions. However, a massive 
vector boson must have three physical polarization states: In its rest frame, 
it is a spin-1 object, which can make no distinction between transverse and 
longitudinal polarizations. It is tempting to say that the gauge boson acquired 
its extra degree of freedom by eating the Goldstone boson. In Sections 21.1 
and 21.2 we will clarify this picture, by studying the quantization and gauge- 
fixing of spontaneously broken gauge theories. 


Systematics of the Higgs Mechanism 


The Higgs mechanism extends straightforwardly to systems with non-Abelian 
gauge symmetry. It is not difficult to derive the general relation by which a 
set of scalar field vacuum expectation values leads to the appearance of gauge 
boson masses. Let us work out this relation and then apply it in a number of 
examples. 

Consider a system of scalar fields @; that appear in a Lagrangian invariant 
under a symmetry group G, represented by the transformation 


i > (1 + iat )ijoj. (20.13) 


It is convenient to write the ¢; as real-valued fields, for example, writing n 
complex fields as 2n real fields. Then the group representation matrices t° 
must be pure imaginary and, since they are Hermitian, antisymmetric. Let us 


20.1 The Higgs Mechanism 693 


write 


(20.14) 


so that the T° are real and antisymmetric. 
If we promote the symmetry group G to a local gauge symmetry, the 
covariant derivative on the ¢; is 
Dud = (On — igA t") = (Oy + gA T" )¢. 
Then the kinetic energy term for the ¢; is 
3(Dyudi)” = Onei)? + GAL (Oui TH 5) + ig AG A(T G) (T”6)i. (20.15) 
Now let the ¢; acquire vacuum expectation values 


($i) = (poji; (20.16) 


and expand the ¢; about these values. The last term in Eq. (20.15) contains 
a term with the structure of a gauge boson mass, 


AL = fma AtA", (20.17) 
with the mass matrix 
mas = 9 (T° ġo): (T” po): (20.18) 


This matrix is positive semidefinite, since any diagonal element, in any basis, 
has the form 


m2, = 9° (T°)? > 0 (no sum). 


Thus, generically, all of the gauge bosons will receive positive masses. However, 
it may be that some particular generator T® of G leaves the vacuum invariant: 


To =0. 


In that case, the generator T* will give no contribution to (20.18), and the 
corresponding gauge boson will remain massless. 

As in the Abelian case, the gauge boson propagator receives a contribution 
from the Goldstone bosons, which is necessary to make the vacuum polariza- 
tion amplitude transverse. To compute this contribution, we need the vertex 
that mixes gauge bosons and Goldstone bosons. This comes from the second 
term of the Lagrangian (20.15). When we insert the vacuum expectation value 
of the scalar field (20.16), this term becomes 


AL = GAL Onbi(T b0):- (20.19) 


This interaction term does not involve all of the components of ¢—only those 
that are parallel to a vector T" ġo for some choice of T*. These vectors repre- 
sent the infinitesimal rotations of the vacuum; thus the components ¢; that 
appear in (20.19) are precisely the Goldstone bosons. Using the fact that these 
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bosons are massless, we can compute the counterpart, for the non-Abelian 
case, of the Goldstone boson diagram in Eq. (20.11): 


p E = Yo (ob"(T%90);) ge (CIR (T%Go)5)- (2020) 


J 


The sum runs over those components j with a nonzero projection onto the 
space spanned by the T° ¢ọ, or equally well, over all 7. This diagram is there- 
fore proportional to the mass matrix (20.18). Combining this expression with 
the contribution to the vacuum polarization from (20.17), we find a properly 
transverse result, 


(20.21) 


where m2, is given by Eq. (20.18). 


Non-Abelian Examples 


Let us now apply this general formalism to some specific examples of non- 
Abelian gauge theories. Consider first a model with an SU(2) gauge field 
coupled to a scalar field ¢ that transforms as a spinor of SU (2). The covariant 
derivative acting on ¢ is 


Dud = (Op — ig Rr), (20.22) 


where T° = o%/2. The square of this expression is the scalar field kinetic 
energy term. 

If ¢ acquires a vacuum expectation value, we can use the freedom of SU (2) 
rotations to write this expectation value in the form 


(¢) = L (5) . (20.23) 


Then the gauge boson masses arise from 
2 1 2 ab {9 a aby 
|D ol = 59 (0 v)r?r y J AGA to (20.24) 


We can symmetrize the matrix product under the interchange of a and b; 
using {77,7°} = 46°, we find the mass term 


2,,2 
Ac=?2 > Ag AM, (20.25) 


All three gauge bosons receive the mass 


signaling that all three generators of S U(2) are broken equally well by (20.23). 
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Figure 20.1. The space of configurations for a scalar field in the vector 
representation of SU(2). When the SU(2) symmetry is spontaneously bro- 
ken, the allowed vacuum states lie on a spherical surface. If the vacuum 
expectation value @o lies in the 3 direction, then the generator T' 3 leaves do 
unchanged, while Tt and TÊ rotate ġo in the directions shown. 


What if we had taken ¢ to transform according to the vector representa- 
tion of SU(2)? If we take ¢ to be a real-valued vector under SU(2), we must 
assign it the covariant derivative 


(Duh)a = Pa + JabeA® do. (20.27) 


Again, the ¢ kinetic energy term is the square of this object, and so, if ¢ 
acquires a vacuum expectation value, we find the gauge boson mass term 


1 2 g? b 2 
AL= 5 (Pu) =F (€abeA?,($o)c) tee, (20.28) 


If a vector of SU(2) acquires an expectation value ¢9, we can choose 
our coordinates so that this vector points in any particular direction in the 
internal space. We will choose it to point in the 3 direction, as indicated in 
Fig. 20.1: 


(bc) = (do)e = Ves. (20.29) 
Inserting (20.29) into (20.28), we find 


2 2 
g 2_ 9 
AL= V (eavaAj,) = zD + (A?)?). (20.30) 
The gauge bosons corresponding to the generators 1 and 2 acquire masses 


mı = mM = gV, (20.31) 


while the boson corresponding to the generator 3 remains massless. It is easy 
to see the reason for this distinction by glancing at Fig. 20.1. The vacuum 
expectation value of ġe destroys the symmetry of rotation about the axes 1 
and 2, but it preserves the symmetry of rotation about the 3 axis. As we saw 
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in our general analysis, gauge bosons corresponding to unbroken symmetry 
generators remain massless. 

It is interesting that this model contains both massive and massless gauge 
bosons, with the distinction between these bosons created by spontaneous 
symmetry breaking. If we interpret the massive bosons as W bosons and the 
massless gauge boson as the photon, it is tempting to interpret this theory as 
a unified model of weak and electromagnetic interactions. Georgi and Glashow 
proposed this model as a serious candidate for the theory of weak interactions.t 
However, Nature chooses a different model, which we will discuss in the next 
section. 

We turn next to a more complicated example. Consider an SU(3) gauge 
theory with a scalar field in the adjoint representation. The covariant deriva- 
tive of @ takes the form 


Duda = Pa + g fatc Ai, de, (20.32) 


and so the gauge field masses arise from the term 


g? b 2 
AL = ry (fave A}, bc) . (20.33) 
We can write this more clearly by defining the quantity 
È = 60°, (20.34) 


where t° are the 3 x 3 traceless Hermitian matrices that represent the genera- 
tors of SU (3). Using this notation and the definition (15.68) of the structure 
constants, we can rewrite the mass term (20.33) as 


AL = —9° tr[[t, Of", B]] AG A, (20.35) 
Now let ® acquire a vacuum expectation value 
(®) = Go. (20.36) 


Since ®o is a traceless Hermitian matrix, we should analyze its effects by 
diagonalizing it. In principle, ®p could have three arbitrary eigenvalues that 
sum to zero, However, when one minimizes explicit potential energy functions, 
one often finds expectation values that preserve some of the original symmetry. 
We will consider two examples. 

First, Po might have the orientation 


1 
By = jọ]: 1 . (20.37) 
-2 


İH. Georgi and S. L. Glashow, Phys. Rev. Lett. 28, 1494 (1972). 
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This matrix commutes with the four SU(3) generators 


T? 0 1 1 
t= , t = — 1 . 20.38 
( 0 o) 2/3 _9 (20.38) 


Thus, the expectation value (20.37) breaks SU (3) spontaneously to SU (2) x 
U (1) and leaves the gauge bosons corresponding to these four generators mass- 
less. The remaining four generators of SU (3), 


1/0 0 1 1/0 0 ~i 
M=5{0 0 0}, P=5{0 0 0j, 
1 0 0 i 0 0 
(20.39) 
1/000 1/00 0 
®=5{0 0 1}, #=35[(0 0 -i], 
010 0 7 0 
acquire the masses 
2 
m? = (39/dl) , (20.40) 
as one can check by substituting these matrices into Eq. (20.35). 
Another possible orientation for ®ọ is 
1 
Bo = |o]: —1 . (20.41) 


0 


In this case, only £? and ¢® commute with ®ọ, so the original SU(3) symmetry 
is broken down to U(1) x U(1). By substituting into (20.35), one can determine 
that the gauge bosons corresponding to the remaining generators of SU(3) 
acquire the masses 


Oe: m= (29l¢l)’, E Bt: m= (gioh. (20.42) 


Still larger symmetry groups offer a wider variety of symmetry-breaking 
patterns, and more complex mass matrices. We consider one further example 
in Problem 20.1. 


Formal Description of the Higgs Mechanism 


Up to this point, our study of the Higgs mechanism has been based on the ex- 
plicit analysis of scalar field Lagrangians coupled to gauge fields. Scalar field 
theories provide the simplest examples of systems with spontaneous symmetry 
breaking, and the explicit calculations they allow are useful for visualization. 
But symmetries can be broken in other ways. In the theory of superconductiv- 
ity, for example, the Abelian gauge invariance of electromagnetism is broken 
by pairs of electrons that condense in the ground state of a metal. In Sec- 
tion 19.3, we argued that, in the approximation that quark masses are very 
small, QCD possesses global symmetries that are spontaneously broken by a 
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condensation of quark-antiquark pairs. In these examples, spontaneous sym- 
metry breaking is the result of strong interactions beyond perturbation theory. 
We would like to understand whether these more general mechanisms of spon- 
taneous symmetry breaking can also give mass to vector bosons, and, if so, 
how the masses can be calculated. 

To carry out this analysis, we will need to abstract several ideas from 
the preceding discussion. First, we will discuss in general terms the relations 
between gauge bosons, Goldstone bosons, and global symmetry currents. Then 
we will use this information to construct the gauge boson mass matrix without 
making direct use of the Lagrangian. 

Consider, first, an arbitrary quantum field theory Lp with a global sym- 
metry G. In Section 9.6, we derived the Noether current corresponding to the 
G symmetry by varying the Lagrangian by a local gauge transformation with 
infinitesimal parameter a(x). Transforming with a constant a should leave 
Lo unchanged. Then the more general variation of Lo must take the form 


5Ly = —(0,0%) J", (20.43) 


for some set of vector operators J#® built from the fields of Lo. The variational 
principle then tells us that 
ð J“ = 0. (20.44) 


We can identify the J”® as the Noether currents of the global gauge symmetry. 

We can now couple this globally symmetric theory to non-Abelian gauge 
fields, promoting the global symmetry to a local symmetry. To first order in 9, 
the new Lagrangian should take the form 


L = Lo + gA JH + O(A?). (20.45) 


To check this, note that the transformation (20.43) compensates the varia- 
tion due to a gauge transformation of Al, Eq. (15.46), to leading order in g. 
The terms of order A? and higher can in general be arranged to compensate 
the higher-order terms in the gauge transformation. Thus, matrix elements in- 
volving only one insertion of the gauge field can be evaluated using properties 
of the Noether currents of the original globally symmetric theory. Note in par- 
ticular that the conservation law for these currents, Eq. (20.44), guarantees 
that the Ward identities for these matrix elements are satisfied. 

If the global symmetry of the theory £o is spontaneously broken, this 
theory will contain Goldstone bosons, which will stand in a special relation 
to the Noether currents. At long wavelength, the Goldstone bosons become 
infinitesimal symmetry rotations of the vacuum, Q* |0), where Q? is the global 
charge associated with J“*. Thus, the operators J#* have the correct quantum 
numbers to create Goldstone bosons from the vacuum. Let |m} denote a 
Goldstone boson state. In general, there will be a current J”® that can create 
or destroy this boson; we can parametrize the corresponding matrix element 
as 

(O| JH (x) |x, (p)) = ip Fe PT, (20.46) 
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where p is the on-shell momentum of the boson and F% is a matrix of 
constants. The elements F°% vanish when a denotes a generator of an unbroken 
symmetry. Then the nonvanishing matrix elements of F°% connect the currents 
of the spontaneously broken symmetries to their corresponding Goldstone 
bosons. Since the currents J”? are conserved, we find 


0 = 0, (0| JH (x) [rk p) = —p? FP e7'?*, (20.47) 


which implies that the bosons with nonzero matrix elements (20.46) satisfy 
p? = 0 on shell and so are massless. This is another proof of Goldstone’s 
theorem.! 

Since the scalar field theory that we examined earlier in this section should 
be a special case of this analysis, we should find there an example of the 
relation given in Eq. (20.46). Comparing Eqs. (20.15) and (20.45), we see 
that, for the scalar field theory, 


TH = 0,biT 303, (20.48) 


which is indeed the Noether current corresponding to the global gauge sym- 
metry. Inserting the vacuum expectation value (20.16), we find 


Je = O,b:(T" do)is (20.49) 
which leads to the set of matrix elements 
(0| J#* (x) |@i(p)) = ~ip" (T° go)ie 7. (20.50) 
Using this relation, we can identify 
F% = Thoo; (20.51) 


for the Higgs mechanism in a weakly coupled scalar field theory. To be more 
precise, the index i runs over all components of the scalar field œ. However, 
we saw in the discussion below Eq. (20.19) that (20.51) is nonzero only for 
components ¢; that are Goldstone bosons, and only for symmetry generators 
a that are spontaneously broken. Thus the nonzero components of (20.51) 
form precisely the structure (20.46). 

As a concrete illustration of the way that the objects T%¢o link spon- 
taneously broken generators and Goldstone bosons, consider the situation of 
SU(2) symmetry broken by a scalar field in the vector representation, as in 
Eq. (20.29) and Fig. 20.1. According to the figure, rotations about the 1 axis 
tip the vacuum expectation value of ¢ into the 2 direction, rotations about 
the 2 axis tip this expectation value into the 1 direction, and rotations about 
3 leave (¢) invariant. Thus the gauge generators T? and T? are spontaneously 
broken, and the scalar field components ¢? and ¢! are the corresponding 
Goldstone bosons. This accords with the result of computing the elements of 
(Td); explicitly: Using (T®)be = °°, we find 


(T° d0)b = bac (0°) = VE. (20.52) 


TA special case of this argument appeared in the discussion of Eq. (19.88). 
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Inserting this result into formula (20.50), we see that the current of each spon- 
taneously broken symmetry creates and destroys its own Goldstone boson. 

Now we can use this formalism to study the working of the Higgs mecha- 
nism in this general context. Consider the original theory Lp coupled to gauge 
bosons of G. To see how the Higgs mechanism operates, we must compute the 
vacuum polarization amplitude. This amplitude is required by the Ward iden- 
tity to be transverse, so it is necessarily of the form 


It is not easy to compute the nonsingular terms in (20.53) in this general 
situation, but it is straightforward to compute the singular term, which comes 
from contributions with an intermediate Goldstone boson. Combining Eqs. 
(20.45) and (20.46), we see that the amplitude for a gauge boson to convert 
to a Goldstone boson is 


a eel = —gk F%,, - (20.54) 


Then the pole contribution to the vacuum polarization is 


YOO (gk* F%) k2 (—gk’ F*;). (20.55) 
Comparing (20.55) with (20.21), we identify 
m2, = 9 FF». (20.56) 


Notice that, in the case in which the symmetry is broken by a scalar field, 
this result reverts to (20.18). However, Eq. (20.56) applies to any theory of 
spontaneously broken symmetry, whether the symmetry breaking is apparent 
from the Lagrangian or whether it requires strong interactions or other non- 
perturbative effects. It is a general result, then, that any gauge boson coupled 
to the current of a spontaneously broken symmetry acquires a mass. 


20.2 The Glashow-Weinberg-Salam Theory 
of Weak Interactions 


We are now ready to write down the spontaneously broken gauge theory 
that gives the experimentally correct description of the weak interactions, a 
model introduced by Glashow, Weinberg, and Salam (GWS). Like the second 
SU (2) model considered in the previous section, this model gives a unified 
description of weak and electromagnetic interactions, in which the massless 
photon corresponds to a particular combination of symmetry generators that 
remains unbroken. 

Again we begin with a theory with SU(2) gauge symmetry. To break the 
symmetry spontaneously, we introduce a scalar field in the spinor represen- 
tation of SU(2), as in Eq. (20.22). However, we know that this theory leads 
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to a system with no massless gauge bosons, We therefore introduce an addi- 
tional U(1) gauge symmetry. We assign the scalar field a charge +1/2 under 
this U(1) symmetry, so that its complete gauge transformation is 


o > OT hlg. (20.57) 


(Here 7° = o%/2.) If the field ¢ acquires a vacuum expectation value of the 


= w= (0). (20.58) 


then a gauge transformation with 
al =a’? =0, a =p (20.59) 


leaves (¢) invariant. Thus, the theory will contain one massless gauge boson, 
corresponding to this particular combination of generators. The remaining 
three gauge bosons will acquire masses from the Higgs mechanism. 


Gauge Boson Masses 


It is straightforward to work out the details of the mass spectrum by using 
the methods of the previous section. The covariant derivative of ¢ is 


D, = (ð, —igAlr® — itg'B jo, (20.60) 
where Aj, and B, are, respectively, the SU (2) and U (1) gauge bosons. Since 
the SU (2) and U (1) factors of the gauge group commute with one another, 
they can have different coupling constants, which we have called g and g’. 

The gauge boson mass terms come from the square of Eq. (20.60), evalu- 
ated at the scalar field vacuum expectation value (20.58). The relevant terms 
are 


_!l apa iy bub 1y u 0 
AL = 5(0 v) (gtr +59'B,) (9A T + 39B") „> (20.61) 


If we evaluate the matrix product explicitly, using T° = 07/2, we find 


1 v? 
AL = 57 [PA +A? + (-g Ap + 9'By)’)- (20.62) 
There are three massive vector bosons, which we will notate as follows: 
+ 1 . . v 
wW = Z (Al, iA) with mass mw = 953 
1 v (20.63) 
o 3 ! : — ,/g2 1 gle 
Z= VETA 9'B,.) with mass mz = vyg? +9 z 
The fourth vector field, orthogonal to Z), remains massless: 
1 143 : — 
A, = Vena (g A+ gB) with mass ma =0. (20.64) 
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We will identify this field with the electromagnetic vector potential. 

From now on it will be more convenient to write all expressions in terms 
of these mass eigenstate fields. Consider, for instance, the coupling of the 
vector fields to fermions. For a fermion field belonging to a general SU(2) 
representation, with U(1) charge Y, the covariant derivative takes the form 


D, = 0, — igA°T* — ig'Y By. (20.65) 


In terms of the mass eigenstate fields, this becomes 


_ . g ++ =p- . 1 23 2 
Dy = u — i-p (WaT +W, T tao — g' Y) 

. 9g 3, 

i VTZ (T? +Y), (20.66) 
where T+ = (T! + iT?) . The normalization is chosen so that, in the spinor 
representation of SU (2), 

T* =4(c' tio) = ot. (20.67) 


The last term of Eq. (20.66) makes explicit the fact that the massless gauge 
boson A, couples to the gauge generator (T? + Y), which generates precisely 
the symmetry operation (20.59). 

To put expression (20.66) into a more useful form, we should identify the 
coefficient of the electromagnetic interaction as the electron charge e, 


/ 
e= — I (20.68) 


/g2 + g? 
and identify the electric charge quantum number as 
Q=T? +Y. (20.69) 


These substitutions, with Q = —1 for the electron, give the conventional form 
of the coupling of the electromagnetic field. 

To simplify expression (20.66) further, we define the weak mizing angle, 
lw, to be the angle that appears in the change of basis from (A®, B) to (Z°, A): 


Z\ _ (cosb, —sind, A’ 
A) \sin@,, cosu B}? 


t 


g 


Vie 


that is, 

fg 
/ gq? + g”? > 

Then, with the manipulation in the 7° coupling 


gT? _ g°Y — (9° +AT’ _ g’Q, 


cos u = sin ĝu = (20.70) 
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we can rewrite the covariant derivative (20.66) in the form 


. g —rp— . g : . 
Dy, = On - ip WeT* +W; T ) -i 0, Za (T? — sin? OQ) —ieA,Q, 
(20.71) 
where e 
= . 20.72 
g sin 6,, (20.72) 


We see here that the couplings of all of the weak bosons are described by 
two parameters: the well-measured electron charge e, and a new parameter fu. 
The couplings induced by W and Z exchange will also involve the masses of 
these particles. However, these masses are not independent, since it follows 
from Eqs. (20.63) that 


my = mz cos bw. (20.73) 


All effects of W and Z exchange processes, at least at tree level, can be written 
in terms of the three basic parameters e, 0w, and my. 


Coupling to Fermions 


The covariant derivative (20.71) uniquely determines the coupling of the W 
and Z° fields to fermions, once the quantum numbers of the fermion fields are 
specified. To determine these quantum numbers, we must take account of the 
fact, mentioned in Section 17.3, that the W boson couples only to left-handed 
helicity states of quarks and leptons. 

At the level of the classical Lagrangian, there is no difficulty in construct- 
ing theories in which the left- and right-handed components of a fermion field 
couple differently to gauge bosons.* Already in Section 3.2 we saw that the 
kinetic energy term for Dirac fermions splits into separate pieces for the left- 
and right-handed fields: 


wi = vider + Vpider. (20.74) 


When we couple y to a gauge field, we can assign wz and wr to different 
representations of the gauge group. Then the two terms on the right-hand 
side of (20.74) will contain two different covariant derivatives, and these will 
imply two different sets of couplings. 

In the GWS model, we can use this technique to insure that only the left- 
handed components of the quark and lepton fields couple to the W bosons. We 
assign the left-handed fermion fields to doublets of SU(2), while making the 
right-handed fermion fields singlets under this group. Once we have specified 
the T° value for each fermion field, the value of Y that we must assign follows 
from Eq. (20.69). This means that the Y assignments will also be different for 


*In Section 19.4, we argued that there is a possible problem with this strategy at 
the level of quantum corrections. We will check below whether the specific model we 
construct avoids this problem. 
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the left- and right-handed components of quarks and leptons. For the right- 
handed fields, T3 = 0, and so we reproduce the standard electric charges by 
assigning Y to equal the electric charge. For example, for the right-handed u 
quark field, Y = +2/3; for ek, Y = —1. For the left-handed fields, 


E, = (i: ). Qr= (i). (20.75) 


the assignments Y = —1/2 and Y = +1/6, respectively, combine with T? = 
+1/2 to give the correct electric charge assignments. Since the left- and right- 
handed fermions live in different representations of the fundamental gauge 
group, it is often useful to think of these components as distinct particles, 
which are mixed by the fermion mass terms. 

In fact, the construction of fermion mass terms is a serious problem, be- 
cause all possible such terms are forbidden by global gauge invariances. For 
example, we cannot write an electron mass term 


AL = -Me (éLer + EREL), (20.76) 


because the fields ez and ep belong to different SU (2) representations and 
have different U (1) charges. For the next few pages, we will ignore this prob- 
lem by treating all fermion fields as massless. This description will suffice to 
analyze the structure of the weak interactions at high energies, where the 
quark and lepton masses can be ignored. At the end of this section we will 
return to the problem of writing quark and lepton mass terms in the GWS 
theory. The solution to this problem will reinforce the idea that the left- and 
right-handed fermion fields are fundamentally independent entities, mixed to 
form massive fermions by some subsidiary process. 

If we ignore fermion masses, the Lagrangian for the weak interactions of 
quarks and leptons follows directly from the charge assignments given above. 
The fermion kinetic energy terms for e, v, u, and d are 


L = EL(iP)Er + ér(iD)er + Q,(iD)Qr + tn(iP)ur + dr(iP)dp. (20.77) 


In each term, the covariant derivative is given by Eq. (20.65), with T* and Y 
evaluated in the particular representation to which that fermion field belongs. 
For example, 


Qr(D)Qr = Qin" (3p — ig AZT" — itg B QL. (20.78) 

A right-handed neutrino would have zero coupling both to SU (2) and to U (1), 
so we have simply omitted this field from Eq. (20.77). 

To work out the physical consequences of the fermion-vector boson cou- 

plings, we should write Eq. (20.77) in terms of the vector boson mass eigen- 


states, using the form of the covariant derivative given in Eq. (20.71). Equation 
(20.77) then takes the form 


L= EL(iĝ)Er + ér(iPern +QLUPQL + trliP)ur + drliĝ)dr 


20.79 
+9(Wi Ji +W; Jy + ZEJI) + eAuJiu, ( 
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where 
Jy = pëe + tpy"dz); 
_ 1 
Jw penr +dry"ur); 
Jz = 5 [Pr G)vz Fēry"(-3 + sin? bwer + ēry" (sin? Owe 

+ an9(J -Zain aus + tant ( -4sm Be) 
+dry”(-3+35 sin? 0,,)dp + dry" (4 sin? 8») da]; 

Jem = ey" (-1)e + m" (+5)u + dy" (-3)d. (20.80) 


Here we have used Eq. (20.67) to simplify the W boson currents. Notice 
that the current Jé,, associated with the photon field is indeed the standard 
electromagnetic current. 


Anomaly Cancellation 


As we have just seen, there is no difficulty in writing a Lagrangian that cou- 
ples the GWS gauge bosons to fermions in a chiral fashion. However, these 
chiral couplings do present a potential problem that appears at the level of 
one-loop corrections. In Section 19.2, we saw that an axial current that is con- 
served at the level of the classical equations of motion can acquire a nonzero 
divergence through one-loop diagrams that couple this current to a pair of 
gauge bosons. The Feynman diagram that contains this anomalous contribu- 
tion is a triangle diagram with the axial current and the two gauge currents 
at its vertices. In a gauge theory in which gauge bosons couple to a chiral 
current, the dangerous triangle diagrams appear in the one-loop corrections 
to the three-gauge-boson vertex function. The anomalous terms violate the 
Ward identity for this amplitude. Thus, as we argued in Section 19.4, theo- 
ries in which gauge bosons couple to chiral currents can be gauge invariant 
only if the anomalous contribution somehow disappears. Fortunately, as we 
saw there, the anomalous terms can be arranged to cancel when one sums 
over all possible fermion species that can circulate in these diagrams.' 
Within the GWS theory, the requirement from experiment that the weak 
interaction currents are left-handed forced us to choose a chiral gauge cou- 
pling. Now we must check that the anomalous terms from the triangle dia- 
grams cancel as required. We will find that they do, but only through a subtle 
and rather magical interplay of the quantum numbers of quarks and leptons. 


The anomalous term of a triangle diagram of three gauge bosons A‘, Ab, 


tIf you have not read Chapter 19, but you are willing to assume that the fermion 
triangle diagram contains a contribution that violates gauge invariance, you should 
still be able to follow the argument that follows. 
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and AŞ is proportional to the group theoretic invariant 
trt {t,t}, (20.81) 


where the trace is taken over all fermion species. The anticommutator comes 
from taking the sum of two triangle diagrams in which the fermions circle in 
opposite directions. The factor y° registers the fact that the anomaly is asso- 
ciated with chiral currents; this factor equals —1 for left-handed fermions and 
+1 for right-handed fermions. In theories such as QED or QCD in which the 
gauge bosons couple equally to right- and left-handed species, the anomalies 
automatically cancel. This bookkeeping method is a special case of the more 
general method presented in Section 19.4. 

To evaluate the anomalies of the GWS theory, it is easiest to work in the 
basis of SU(2) x U(1) gauge bosons, before the mixing to the photon and 
Z? mass eigenstates. It suffices to evaluate the triangle diagrams for massless 
fermions, so that right- and left-handed fermions have distinct quantum num- 
bers. However, we must consider not only the anomalies of diagrams with three 
SU(2) x U(1) gauge bosons, but also diagrams with both weak-interaction 
gauge bosons and color SU(3) gauge bosons of QCD. If we consider effects of 
gravity on the weak-interaction gauge theory, there is also a possibly anoma- 
lous diagram with one weak-interaction gauge boson and two gravitons. We 
can omit diagrams, such as the anomaly of three SU(3) bosons or of one SU(3) 
boson and two gravitons, in which all of the couplings are left-right symmet- 
ric. Then the full set of diagrams with possible anomalous terms is shown in 
Fig. 20.2. All of the possible anomalies must cancel if the Ward identities of 
the SU(2) x U(1) gauge theory are to be satisfied. 

It is a special property of SU(2) gauge theory that the anomaly of three 
SU(2) gauge bosons always vanishes; this result follows from the property of 
Pauli sigma matrices {0%,0°} = 26%, which implies that the trace (20.81) 
vanishes. The anomalies containing one SU(3) boson or one SU(2) boson are 
proportional to 

tr[é*] = 0 or tr[r*] = 0. (20.82) 


The remaining nontrivial anomalies are those of one U(1) boson with two 
SU(2) bosons or two SU(3) bosons, the anomaly of three U(1) bosons, and 
the gravitational anomaly with one U(1) gauge boson. 

The anomaly of one U(1) boson with two SU(3) bosons is proportional 
to the group theory factor 


try] = 36° -XO Ya, (20.83) 
q 
where the sum runs over left-handed quarks and right-handed quarks, with an 


extra (—1) for the left-handed contributions. Inserting the charge assignments 
given above for uz, dL, ur, and dr, we find 


X Y= -2 + (3) + (-9) =0. (20.84) 
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Figure 20.2. Possible gauge anomalies of weak interaction theory. All of 
these anomalies must vanish for the Glashow-Weinberg-Salam theory to be 
consistent. 


Similarly, the anomaly of a U (1) boson with two SU (2) bosons is proportional 
to 


tr[r?7’Y] = 16 Y Yr, (20.85) 
fL 
where the sum runs over the left-handed fermions Ez and Qz. Thus, 


XY; = -(-3) - 3-3 =0; (20.86) 
fL 


the factor 3 counts the color states of the quarks. The anomaly of three U (1) 
gauge bosons is proportional to a sum involving left- and right-handed leptons 
and quarks: 


tr[Y?°] = -2(—4)8 + (~1} — 3[2(2)8 — (3) — (-5)°] = 0. (20.87) 


Finally, the gravitational anomaly with one U (1) gauge boson is proportional 
to 


tr[Y] = —2(—$) + (—1) - 3[2(@) 


(3) -(-§)] =0. (20.88) 


The Glashow-Weinberg-Salam theory is thus a chiral gauge theory that 
is completely free of axial vector anomalies among the gauge currents. How- 
ever, the cancellation of anomalies requires that leptons and quarks appear 
in complete multiplets with the structure of (F,,er,Q1,ur, dr). This set of 
fields is often called a generation of quarks and leptons. The consistency of the 
theory requires that quarks and leptons appear in Nature in equal numbers, 
organizing themselves into successive generations in this way. 


Experimental Consequences of the GWS Theory 


Now that we have a fundamental theory for the coupling of W and Z bosons 
to fermions, we can work out the consequences of this theory for observable 
processes mediated by weak bosons. This analysis should reproduce the ef- 
fective Lagrangian description of the weak interactions used in Chapters 17 
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V d v u 
Figure 20.3. Some processes with virtual W and Z boson exchange. 


and 18, and also predict additional observable effects of weak boson exchange. 
In our discussion here, we will derive only the most basic relations in this sub- 
ject; we do not have space for a systematic survey of the phenomenology 
of weak interactions. However, we encourage the reader to study the exper- 
imental foundations of the weak interactions, which contain many beautiful 
illustrations of the principles of quantum field theory.t 

At energies low compared to the vector boson masses, the couplings of the 
weak bosons have their major effects through processes that involve virtual 
weak boson exchange. These processes are shown in Fig. 20.3. We will derive 
the Feynman rules for massive gauge bosons in Chapter 21. Meanwhile, it is 
reasonable to guess that the W and Z boson propagators are given by 


(W#* (p)W"" (—p)) = a (2"(p)2"(-p)) = y. (20.89) 
P My P mz 


We will see in Section 21.1 that these propagators give correct expressions for 
diagrams with W and Z exchange up to terms of order (mẹ /mw ), where my 
is a fermion mass. 

First consider the W exchange diagram in Fig. 20.3, in the limit of energies 
low compared to the W mass. We can then neglect the p? term in the denom- 
inator of the W propagator (20.89). Taking the W coupling from Eq. (20.79), 
we find that the diagram can be described by the effective Lagrangian 


2 
ALw = FJG Thy 
myw 


2 (20.90) 
= ami, (ër vr + dry’ur) (Pr per + try). 
The coefficient is often written in terms of the Fermi constant, 
Gr g? 
== . 20.91 
5 = mb (20.91) 


The various terms in this effective Lagrangian reproduce the expressions we 
have already written in Eqs. (17.31), (18.28), and (18.29). Since these in- 
teractions among leptons and quarks are mediated by the exchange of an 


tThe experimental successes of the theory of weak interactions are reviewed in 
the book of Commins and Bucksbaum (1983). 
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electrically charged vector boson, they are called collectively charged-current 
interactions. The effective Lagrangian (20.90) turns out to provide an impres- 
sively successful description of the phenomenology of charged-current weak 
interactions. We have described its use in high-energy neutrino scattering, 
but it has comparable successes in nuclear 6-decay, muon decay, and a variety 
of other processes. 

In a similar way, we can work out the effective Lagrangian resulting from 
virtual Z° exchange. We find 


2 


g 
ALz = Be 1272 


7 2 (20.92) 
=F (DI -sm a)s) 
f 


where the sum in the second line runs over all left-handed and right-handed 
flavors, and we have used relation (20.73) to simplify the prefactor. We say that 
the effective Lagrangian (20.92) mediates neutral current weak interaction 
processes. Notice that, if we define SU(2) gauge currents as 


JH =X fy Tf, (20.93) 
f 


then the effective Lagrangians of W and Z exchange can be written together 
in the simple form 


ALw +ALz = r [ue + (JH)? + (JH — sin? Ow Si ra)? (20.94) 


This expression becomes manifestly invariant under an unbroken global SU(2) 
symmetry in the limit g’ — 0 or sin? 6, — 0. We will discuss this observation 
further at the end of this section. 

The neutral current effective Lagrangian (20.92) contains terms that cou- 
ple together all of the various species of quarks and leptons. These terms 
violate parity, and so distinguish themselves from the effects of strong and 
electromagnetic interactions. For example, Eq. (20.92) predicts the existence 
of neutral current deep inelastic neutrino scattering events, in which a high- 
energy neutrino shatters a nucleon but does not convert to a final-state muon 
or electron. This process is analyzed in Problem 20.4. Similarly, the neutral- 
current interaction predicts the presence of parity-violating effects in electron 
deep inelastic scattering. It also predicts a parity-violating electron-nucleon 
interaction that should mix atomic energy levels, and a similar parity-violating 
nucleon-nucleon interaction. Within the GWS theory, the strengths of all of 
these various effects are predicted in terms of the Fermi constant and one ad- 
ditional parameter, the value of sin? 6,,. Thus, the GWS theory can be tested 
by observing each of these effects and asking whether a single value of this 
parameter can account for the strengths of all of these disparate processes. 
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Figure 20.4. Diagrams contributing to the process ete” — ff in the 
Glashow- Weinberg-Salam theory. 


Further tests of the GWS theory are available at higher energies. The 
process ete — ff is affected in an essential way, since the theory contains a 
new diagram with s-channel Z° exchange, which interferes with the standard 
photon exchange diagram, as shown in Fig. 20.4. It is straightforward to work 
out the effects of this interference using the methods of Section 5.2, so we 
have left this analysis as Problem 20.3. 

As the center-of-mass energy approaches mz, the Z° appears directly as 
a resonance in the ete™ annihilation cross section. Similarly, both the W and 
the Z can be observed as resonances in quark-antiquark annihilation, viewed 
as a parton subprocess in proton-antiproton scattering. The positions of these 
resonances are predicted from Gp, sin? @,,, and the value of e or a, according 
to Eqs. (20.72) and (20.91). Using these relations, we find 


2 TA 
mw = : ; 
/2G p sin? 0y 


Ta 


/2G p sin? by Cos? 0u 


m3 = (20.95) 
The detailed shape of the Z? resonance is shown in Fig. 20.5. The experimental 
measurements shown are compared to a theoretical curve with the resonance 
position adjusted for the best fit. The height and width of the resonance are 
then predicted by the GWS theory. The resonance is broadened to higher 
energies by processes in which the electron and positron radiate collinear 
photons before annihilation; this correction was discussed in Problem 5.5. 

Because the Lagrangian of the GWS theory treats left- and right-handed 
fermions as distinct species with completely different quantum numbers, the 
couplings of the Z° to left- and right-handed fermions differ signficantly. One 
manifestation of this is the presence of a polarization asymmetry, a net polar- 
ization of fermions produced in the decay Z? > ff, or an asymmetry in the 
inverse process of Z° production. This asymmetry can be read directly from 
the form of the Z° current given in (20.80): 


(Z? > fife) —T(2° > fafi) 
T(Z° > fifa) +T(Z > frf) 

_ G — |Q;] sin? bu)? — (Q; sin? 6,,)? 
(4 = |Qy|sin? Oy)? + (Q; sin? bu)? 


f — 
ALR = 


(20.96) 
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Figure 20.5. The total cross section for ete™ annihilation to hadrons for 
Ecm Close to the Z? boson mass, as measured by the ALEPH, DELPHI, L3, 
and OPAL experiments and compiled by the Particle Data Group, Phys. Rev. 
D50, (1994), Fig. 32.14. References to the original articles are given there. 
The solid curve is the prediction of the GWS theory. 


For a realistic value sin? @,, = 0.23, this expression gives a 15% asymmetry for 
charged leptons and a 95% asymmetry for d, s, and 6 quarks. The asymmetry 
can be checked experimentally for leptons by measuring the polarization of 7 
leptons at the Z° resonance, or by measuring the relative cross sections for 
producing the resonance using left- versus right-handed electrons. For quarks, 
the asymmetry can be determined indirectly from the forward-backward pro- 
duction asymmetry on the resonance, as explained in Problem 20.3. 

Because the weak neutral current has so many different manifestations, 
the GWS theory of weak interactions can be subjected to a stringent test by 
comparing the values of the parameter sin? 6,, needed to account for each of 
its predicted effects. Table 20.1 presents the values of sin? 6,, extracted from 
a wide variety of weak interaction neutral current effects and asymmetries. In 
all cases, one-loop radiative corrections must be included to analyze the ex- 
periment at the required level of accuracy. These radiative corrections involve 
some subtlety. First, one must adopt a specific renormalization convention 
that defines sin? 6,, and use it consistently in all calculations. The table shows 
results for two different choices of this convention. In both conventions, the 
values of weak-interaction observables are taken to be functions of a, Gr, and 
a third independent parameter. In the first column this parameter is the mass 
ratio my /mz, and, following the tree-level expression (20.73), we consider 
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Table 20.1. Values of sin? 6, from Weak Interaction Experiments 


Observed Quantity or Process Sty sin? Ours 
mz 0.2247 (21) 0.2320 (6) 
mw 0.2264 (25) 0.2338 (22) 
Tz 0.2250(18) 0.2322 (6) 
Lepton f-b asymmetries at the Z° 0.2243 (17) 0.2315 (11) 
All pair-production asymmetries at the Z° 0.2245 (17) 0.2317 (8) 
e p at the Z° 0.2221 (17) 0.2292 (10) 
Deep inelastic neutrino scattering 0.2260 (48) 0.233 (5) 
Neutrino-proton elastic scattering 0.205 (31) 0.212 (32) 
Neutrino-electron elastic scattering 0.224 (9) 0.231 (9) 
Atomic parity violation 0.216 (8) 0.223 (8) 
Parity violation in inelastic e~ scattering 0.216 (17) 0.223 (18) 


The values listed here are obtained by fitting experimental observations by 
adjusting the value of sy or sin? 6,375, taking a and G p as accurately known 
parameters. The numbers in parentheses are the standard errors in the last 
displayed digits. The conversion from the experimentally measured quantities 
to sty or sin? Oy 475 depends on the value of the top quark mass and the mass 
of the Higgs boson. These values assume a top quark mass of 169 GeV and a 
Higgs mass of 300 GeV; the quoted errors include an uncertainty of 17 GeV in 
the top quark mass and a range from 60 GeV to 1000 GeV for the Higgs mass. 
The differences in the relative errors between the two columns reflect the 
importance of this theoretical uncertainty. Some observables depend weakly 
on as; these values assume as(mz) = 0.120 + .007. This table is taken from 
the article of P. Langacker and J. Erler for the Particle Data Group, Phys. 
Rev. D50, 1304 (1994). That article contains a full set of references and a 
discussion of the sources of uncertainty in these determinations. 


this ratio to define a renormalized value of sin? 6,,: 
sy =1-—w, (20.97) 


In the second column, the third parameter is sin? 6,, computed from the weak 
interaction coupling constants defined by minimal subtraction (Eq. (11.77)). 
The differences between different definitions of sin? 6, appear at the level 
of one-loop computations and can reveal interesting physics; this subject is 
discussed in Section 21.3. 

A second subtlety is that the one-loop corrections to weak neutral current 
processes depend on the value of the ¢ quark mass, which has only recently 
been determined and is still somewhat poorly known. The dependence on the 
t quark mass is relatively strong, for interesting reasons that we will discuss 
in Section 21.3. The one-loop corrections also depend weakly on properties of 
the particles responsible for the spontaneous symmetry breaking. 
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We can see from Table 20.1 that a wide variety of effects due to the 
weak neutral current have been observed, with magnitudes accounted for by 
a single, consistent value of sin? @,,. This remarkable concordance of theory 
and experiment gives us confidence that the Glashow-Weinberg-Salam theory 
is indeed the correct description of weak and electromagnetic interactions. 


Fermion Mass Terms 


We now return to the problem of writing mass terms for the quarks and 
leptons. Recall that one cannot put ordinary mass terms into the Lagrangian, 
because the left- and right-handed components of the various fermion fields 
have different gauge quantum numbers and so simple mass terms violate gauge 
invariance. To give masses to the quarks and leptons, we must again invoke 
the mechanism of spontaneous symmetry breaking. 

We began this section by assuming that a scalar field ¢ acquires a vacuum 
expectation value (20.58), in order to give mass to the W and Z bosons. This 
scalar field needed to be a spinor under SU(2) and to have Y = 1/2 in order 
to produce the correct pattern of gauge boson masses. With these quantum 
numbers, we can also write a gauge-invariant coupling linking ez, er, and ¢, 
as follows: 


ALe = —ÀeEr -Qer + h.c. (20.98) 


Here the SU (2) indices of the doublets Ez and ¢ are contracted; notice also 
that the charges Y of the various fields sum to zero. The parameter Àe is a 
new dimensionless coupling constant. If we replace ¢ in this expression by its 
vacuum expectation value (20.58), we obtain 


1 - 
ALe = Dt ener the. +i (20.99) 
This is a mass term for the electron. The size of the mass is set by the vacuum 
expectation value of ¢, rescaled by the new dimensionless coupling: 


Nev. (20.100) 


Since the electron mass is proportional to v, one might expect that the 
masses of the electron and the W boson should be of the same order. In fact, 
taking the observed values, me/mw ~ 6 x 107°. Since A, is a renormalizable 
coupling, it must be treated as an input to the theory. Thus the GWS theory 
allows the electron to be very light, but it cannot explain why the electron is 
so light compared to the W boson. 

We can write mass terms for the quark fields in the same way. Notice 
that, in the following expression, both terms are invariant under SU(2) and 
have zero net Y: 


AL, = -Qr dr — Aue” Qraplur + hc. (20.101) 
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Substituting the vacuum expectation value of @ from Eq. (20.58), these terms 
become 


1 - 1 

= —— Aav ddr — — 

q a dUaLaR a 

standard mass terms for the d and u quarks. The GWS theory thus gives the 
relations 


AL AytULuR +h.c.+--- 5 (20.102) 


1 1 
— qv, Mu = — 
Jo" V2 


As with the electron, the theory parametrizes but does not explain the small 
values of the d and u quark masses observed experimentally. 

When additional generations of quarks are introduced into the theory, 
there can be additional coupling terms that mix generations. Alternatively, 
we can diagonalize the Higgs couplings by choosing a new basis for the quark 
fields. We will show that this is always possible in Section 20.3. However, 
this simplification of the Higgs couplings causes a complication in the gauge 
couplings. Let 


ma = Auv. (20.103) 


u$, = (ur, ex, ty) ; A = (dz, SL, bL) (20.104) 


denote the up- and down-type quarks in their original basis, and let uf and 
di: denote the quarks in the basis that diagonalizes their Higgs couplings. This 
latter basis is the physical one, since it is the basis that diagonalizes the mass 
matrix. The two bases are related by unitary transformations: 


ui, = UB ull, (= Ud). (20.105) 
In this new basis, the W boson current takes the form 


l; ; 
Jy = =i dyad, = Tiy (Ua? (20.106) 


This expression is conventionally written 


1 
Ty = ti Vad, (20.107) 
where V;; is a unitary matrix called the Cabibbo-Kobayashi-Maskawa (CKM) 
matrix. The off-diagonal terms in V;; allow weak-interaction transitions be- 
tween quark generations. For example, restricting to two generations for sim- 
plicity and writing 
Vi;d7 = cos 6d, +sin best, (20.108) 


the term proportional to sin@, allows an s quark to decay weakly to a u 
quark. We have made use of this structure in our discussion of the effective 
Lagrangian for K meson decays in Section 18.2. We will discuss CKM flavor 
mixing and its symmetry properties in more detail in Section 20.3. 

It is interesting to note that there is no term within the structure we 
have described that gives a mass to the neutrino. If we wanted to generalize 
Eq. (20.98) to allow a neutrino mass term, we would have to introduce a new 
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fermion field vg that is completely neutral under SU(2) x U(1). Then we could 
write the Higgs coupling 


AL, = -`e Eadivr + h.c., (20.109) 


which would give the ve a mass, presumably comparable to that of the elec- 
tron. But we know from experiment that neutrino masses are extremely small; 
the mass of the ve is known to be less than 10 eV. This extreme suppression of 
the neutrino masses would be naturally explained if the states vp do not ex- 
ist. We will show in Section 20.3 that this assumption also implies that there 
are no transitions between leptons of different generations; this result is also 
in accord with very strong experimental bounds. 


The Higgs Boson 


This discussion of fermion mass generation emphasizes that the scalar field 
that causes spontaneous breaking of the gauge symmetry is an important 
ingredient in the structure of the Glashow-Weinberg-Salam theory. We should 
therefore ask whether it has any more direct manifestations. 

To investigate this question, we will work in the unitarity gauge, analogous 
to that used for the Abelian model in Eq. (20.12). Let us parametrize the scalar 
field é by writing 

1 


(2) = Ua) (, rw) , (20.110) 


The two-component spinor on the right has an arbitrary real-valued lower 
component, given by the vacuum expectation value of ¢ plus a fluctuating 
real-valued field h(x) with (A(x)} = 0. This spinor is acted on by a general 
SU (2) gauge transformation U (x) to produce the most general complex-valued 
two-component spinor. We can now make a gauge transformation to eliminate 
U(x) from the Lagrangian. This reduces ¢ to a field with one physical degree 
of freedom. 

An explicit renormalizable Lagrangian that leads to a vacuum expectation 
value for ¢ is 


2 
L=|D,o| + u°d'o — A619)’. (20.111) 
The minimum of the potential energy occurs at 
2.1/2 
(E 
v= ( >) . (20.112) 


In the unitarity gauge, the potential energy terms in (20.111) take the form 


1 
Ly = —p?h? — Avh® — -Aht 


5 4 (20.113) 
= zah Yè mt re 
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Figure 20.6. Feynman rules for the couplings of the Higgs boson to vector 
bosons, to fermions, and to itself. 


The quantum of the field h(z) is a scalar particle with mass 


A 
mp = V2? = ee (20.114) 


This particle is known as the Higgs boson. As for the fermions in the GWS 
theory, the Higgs boson has a mass whose general magnitude is controlled by 
the vacuum expectation value v, but whose precise value is determined by a 
new, unspecified, renormalizable coupling constant. 

The expansion of the kinetic energy term of (20.111) in unitarity gauge 
yields the gauge boson mass term (20.62), plus additional terms involving the 
Higgs boson field. Explicitly, 


_i 2 2 wetpwo 1 2 gu h ? 
Lr = (yh)? + [mi WtW + 5m Z"Z,] (1+2) (20.115) 


where my and mz are given by Eqs. (20.63). 

Finally, the fermion mass terms in Eqs. (20.98) and (20.101) lead to direct 
couplings of the Higgs boson to fermions. Evaluating these terms in unitarity 
gauge, we find that, for any quark or lepton flavor, the Higgs boson couples 
according to 


Ly =—myff (1+ h, (20.116) 


The Higgs boson couplings in Eqs. (20.113), (20.115), and (20.116) lead to 
the Feynman rules shown in Fig. 20.6. 

In general, the couplings of the Higgs boson to other particles of the weak 
interaction theory are proportional to the masses of those particles. Thus, the 
particles that are most easily made in the laboratory have very weak couplings 
to the Higgs boson, which makes it difficult to observe this particle. In any 
event, the Higgs boson has not yet been found. As of this writing, the Higgs 
boson that we have just described has been searched for and excluded for 
values of mp below 60 GeV. If the self-coupling A is large, however, the Higgs 
boson could have a mass as large as 1000 GeV; thus, a large dynamic range 
remains unexplored. 
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The phenomenological properties of the Higgs boson are worked out in 
more detail in the Final Project of Part II. 


A Higgs Sector? 


Since there is no experimental evidence for the existence of the simple Higgs 
boson contained in the GWS model, it is worth asking whether the W and Z 
bosons might acquire mass by a more complicated mechanism. There are two 
aspects to this question. 

First, is it certain that the W and Z bosons are gauge bosons of a spon- 
taneously broken SU(2) x U(1) symmetry? The evidence for this idea comes 
from the universality of the couplings of the various quarks and leptons to the 
weak interactions. This universality is tested in the fact that the same value of 
the Fermi constant describes all charged-current weak-interaction processes, 
and that this same strength of coupling combined with a single value of sin? 6,, 
describes the whole range of weak neutral current phenomena. We have seen, 
especially in the discussion of Chapter 16, that the principle of local gauge 
invariance leads naturally to the prediction of universal, flavor-independent, 
coupling constants. No other principle is known that would explain this strik- 
ing regularity. Thus there is compelling evidence that the underlying theory 
of the weak interactions is a spontaneously broken gauge theory. 

However, it is quite possible that the mechanism of the spontaneous break- 
ing of SU(2) x U(1) is more complicated than the simple model of a single 
scalar field that we have written in Eq. (20.111). In principle, the breaking of 
SU(2) x U(1) might be the result of the dynamics of a complicated new set of 
particles and interactions, which we will refer to as the Higgs sector. Experi- 
ment gives us only three properties of this new sector: First, it must generate 
the masses of the quarks and leptons. Second, it must generate the masses of 
the W and Z bosons. The third piece of information, which is the only non- 
trivial one, comes from the relation (20.73) between weak boson masses in the 
GWS theory, 

mw = mz cos by. (20.117) 


This relation is satisfied experimentally to better than 1% accuracy, that is, to 
the level of one-loop radiative corrections. Whatever complicated mechanism 
we invoke to generate the spontaneous breaking of SU(2) x U(1), it should 
reproduce this relation in a natural way. 

To understand the implications of relation (20.117), we must analyze the 
gauge boson mass matrix without assuming that SU(2) x U(1) is broken by 
the expectation value of a scalar field. Actually, it is possible to compute 
the gauge boson mass matrix under much less restrictive assumptions, using 
the argument given at the very end of Section 20.1. There we constructed 
the gauge boson mass matrix from the matrix elements for gauge currents to 
create or destroy Goldstone bosons. We will now show that relation (20.117) 
follows for a large class of models of SU(2) x U(1) breaking for which these 
matrix elements satisfy certain simple properties. 


9 
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Any model of weak-interaction symmetry breaking must contain some set 
of fields that is responsible for the spontaneous breaking of SU(2) x U(1). 
Think of this sector of the theory as a field theory with a global SU(2) x U(1) 
symmetry, which is promoted to a local symmetry through its coupling to 
gauge bosons. In the theory with global symmetry, this symmetry is sponta- 
neously broken to U (1). Since three continuous symmetries are spontaneously 
broken, this sector must supply three Goldstone bosons, which will eventually 
be eaten by Wt, W~, and Z°. Call these three bosons ma, where a = 1, 2,3. 
Let J“* be the SU(2) symmetry currents of the new sector, and let J#Y be 
the U(1) current. The gauge boson mass matrix will then be constructed from 
the matrix elements (20.46), which here take the form 


(0| #4 [ri (p)) = —ip" F4, (20.118) 


with A = 1,2,3,Y and b = 1,2,3. Using the method of Eq. (20.55), we find 
that the gauge boson vacuum polarization contains the pole term 


i 
-73 (gaF“c) (gp Pe), (20.119) 


summed over c, where g4 = g for A= 1,2,3 and g4 = 9’ for A= Y. Then we 
can identify the gauge boson mass matrix as 


map = gagB F^ F”. (20.120) 


To reproduce the known form of the weak gauge boson mass matrix, we 
must now place constraints on the F4. First we must insure that the photon 
remains massless. This follows if the linear combination of charges (20.69) 
annihilates the vacuum. In the language of Eq. (20.118), we must insist that 
the corresponding linear combination of currents cannot excite a Goldstone 


boson: 
(0| (J#3 + JH”) [n° (p) = 0. (20.121) 


We can also achieve relation (20.117), using the following additional assump- 
tion: The symmetry-breaking sector has an SU(2) global symmetry, under 
which the three Goldstone bosons and the three SU(2) gauge currents trans- 
form as triplets, which remains exact when the SU(2) gauge symmetry is spon- 
taneously broken. This global SU(2) symmetry implies that, if A = a = 1,2,3 
in Eq. (20.118), 

(0| J.e |n’ (p)) = —iF pró”, (20.122) 


where F is a parameter with the dimensions of mass. Combining (20.122) and 
(20.121), we have 


(0| JY |n? (p)) = HF p. (20.123) 
Inserting this form for F4, into (20.120), we find the gauge boson mass matrix 
g? 
m? = F? s 5 it, (20.124) 
aes 
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where the matrix acts on the gauge boson (Aj, A, AR, B,,). The eigenvectors 


of this matrix are precisely (20.63) and (20.64). To reproduce the eigenvalues, 
we need only define 
v= 2F. (20.125) 


We have now shown that the GWS relation between the W and Z boson 
masses is not special to the situation in which the gauge symmetry is broken 
by a single scalar field. This relation follows from the much more general as- 
sumption of an unbroken global SU(2) symmetry of the Higgs sector. This 
symmetry is often called custodial SU(2) symmetry.* We have seen this sym- 
metry already as the global SU(2) symmetry of the weak-interaction effective 
Lagrangian (20.94). 

For the case of a single scalar field, the custodial symmetry arises in the 
following way: If we write the field ¢ in terms of its four real components, the 
Lagrangian (20.111) (ignoring the gauge couplings) has O(4) global symmetry. 
The vacuum expectation value of ¢ breaks this symmetry down to O(3), that 
is, SU(2). 

However, there are many other quantum field theories that break SU(2) 
spontaneously while leaving another global SU(2) symmetry unbroken. One 
rather complex example is given by QCD with two massless flavors, if we 
identify the gauged SU(2) with the symmetry generated by Uz in (19.82) 
and identify the custodial SU(2) with vectorial isospin symmetry. A copy 
of the familiar strong interactions with a mass scale large enough to give 
F = 125 GeV would be a perfectly acceptable model for the Higgs sector. 
(Unfortunately, it is not easy in this model to generate masses for the quarks 
and leptons.) 

The question of the nature of the Higgs sector and the explicit mechanism 
of SU(2) x U(1) breaking is probably the most pressing open problem in the 
theory of elementary particles. We will discuss this question further in the 
Epilogue. 


20.3 Symmetries of the Theory of Quarks and Leptons 


Putting together the theory of strong interactions described in Chapter 17 and 
the theory of weak and electromagnetic interactions described in the previous 
section, we have now constructed a complete description of elementary particle 
interactions. It is interesting to investigate the symmetries of this theory, to 
ask what might be the fundamental symmetries of the underlying description 
of Nature. 

We have already seen, in the arguments leading up to Eq. (15.17), that 
the Lagrangian of a gauge theory is highly restricted by the conditions of 
renormalizability and gauge invariance. In this section, we will construct the 


*P. Sikivie, L. Susskind, M. Voloshin, and V. Zakharov, Nucl. Phys. B173, 189 
(1980). 
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most general renormalizable Lagrangian consistent with the SU(3) x SU(2) x 
U(1) gauge symmetries of the strong, weak and electromagnetic interactions. 
We can then ask what further global symmetries we must impose on this 
theory in order to give it the global symmetries that we see in Nature. 

As a first step, we will ignore the Higgs scalar field and the mass terms 
of quarks, leptons, and gauge bosons. Then the Lagrangian of the theory of 
quarks and leptons is entirely specified by gauge invariance and renormaliz- 
ability. We have 


Le =- (FS) + OD, (20.126) 
i J 


where the index 7 runs over the three factors of the gauge group and the index 
J runs over the various multiplets of chiral fermions. 

In principle, we could add to (20.126) the following pseudoscalar pure 
gauge operators: 


big? VAO Q Q 
ALe = > ga" Fe FS (20.127) 


2 


These terms are apparently odd under both P and T. However, we saw at the 
end of Section 19.2 that terms of this form can be generated or canceled by 
making a change of variables in the effective action. For example, the change 
of variables on the right-handed electron field 


er > eer (20.128) 


produces, according to (19.78) or (19.79), a correction to the Lagrangian in- 
volving the P- and T-odd combination of field strengths for the U (1) gauge 
field 
g’? vA 
AL=a. 32E Fv Fao- (20.129) 
The coefficient of (20.129) differs from the corresponding coefficient in (19.79) 
because we transform only the right-handed chiral component of the electron 
field. If we were to transform another fermion field, of hypercharge Y, we 
would find a similar shift, with the coefficient proportional to Y?. If this new 
field coupled to the SU(2) or SU(3) gauge fields, we would also find terms 
proportional to those field strengths. Thus, we can eliminate the term in 
(20.127) involving the U(1) field strengths by making the change of variables 
(20.128) with a = —}6). We can eliminate all three terms in (20.127) by 
making appropriate chiral rotations on three fermion multiplets, say, e R, Ex, 
and Qz. The change of variables (20.128), which rotates the right-handed 
electron field, is not symmetric under parity and, in fact, changes the definition 
of the parity operation. By making this change of variables, we are choosing 
new coordinates in which the P and T transformation properties of the whole 
theory are as simple as possible. 
Let us now investigate the properties of the Lagrangian (20.126) under 
P, C, and T. The couplings of the QCD gauge bosons are invariant to each 
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of these symmetries separately. However, the couplings of the SU(2) gauge 
bosons violate P and C as much as possible. Recall from Section 3.6 that P 
converts a left-handed electron to a right-handed electron, and that C converts 
a left-handed electron to a left-handed positron. Each of these operations 
converts a particle that couples to SU(2) gauge bosons to one that does not. 
However, the combination of these two operations interchanges left-handed 
particles with right-handed antiparticles. Thus the combined operation CP is 
asymmetry of (20.126). This Lagrangian is also invariant under time reversal. 

Thus, we see that the discrete symmetries of C and P, on the one hand, 
and CP and T, on the other, stand on a very different footing in gauge field 
theories. Any chiral gauge theory will naturally violate C and P. At this 
level in our analysis, it is a mystery why C and P should be observed to be 
approximate symmetries of Nature. On the other hand, every theory of gauge 
bosons and massless fermions respects C'P and T. It is known experimentally 
that Nature contains some interaction that violates CP, since the CP selection 
rules are weakly violated in the decays of the K? meson. But to find a source 
for this violation, we must add terms to our basic gauge theory (20.126). 

We must, first of all, add dynamics to (20.126) that will cause the sponta- 
neous breaking of SU(2) x U(1). We will begin by working with the simplest 
model with one Higgs scalar field ¢. The most general renormalizable La- 
grangian for ¢ is 


Ly = |D]? + poo- AA). (20.130) 


The Hermiticity of £4 implies that the parameters u? and À are real. Thus 
this Lagrangian respects P, C, and T. As discussed at the end of the previous 
section, this Lagrangian also automatically has the custodial SU (2) symmetry 
required to produce the mass relation (20.117). 

Finally, we must add the terms that couple the Higgs field to the quarks 
and leptons. Here, renormalizability and gauge invariance provide the weakest 
constraints, and there are many allowed interactions. We will first analyze the 
coupling of ¢ to the quark fields, and then generalize this discussion to the 
leptons. 

In writing the Higgs field couplings to the quarks, we should recall that 
there are known to be three generations of quarks and leptons. Thus there are 
three doublets of left-handed quarks: 


a= (a), (G ene 


There are six right-handed quarks, three with Y = 3 and three with Y = —}: 
uh = (ur, cr, tr), dip = (dr, SR, br). (20.132) 


When we couple gauge fields to these quarks, we replace the ordinary deriva- 
tives with covariant derivatives. This automatically gives all of the quarks the 
same coupling to QCD and all quarks of the same type the same coupling to 
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the weak interactions. It does not allow mixing between the various quark fla- 
vors. However, the coupling of the Higgs field to the quarks does not follow 
from a gauge principle and so need not have any of these restrictions. Unless 
we require quark flavor conservation by postulating a new discrete symmetry 
of the theory, the Higgs couplings will, in general, mix the various flavors. 

If we do not impose any additional symmetries on the theory, we must 
write the most general renormalizable gauge-invariant coupling with the struc- 
ture of Eq. (20.101): 


Lin = MQ, odh- g, pluh + h.c., (20.133) 


where A3 and A‘ are general, not necessarily symmetric or Hermitian, 
complex-valued matrices. The operation of CP interchanges the operators 
written in (20.133) with their Hermitian conjugates without changing the co- 
efficients; thus, CP is equivalent to the substitutions 
N+ OW), dN a). (20.134) 
CP would be a symmetry of (20.133) if the matrices A were real-valued; 
however, there is no principle that requires this. Without the imposition of 
further symmetry requirements, it seems that (20.133) does maximum violence 
to all discrete and flavor conservation symmetries. 
However, just as we were able to eliminate the T-violating terms (20.127) 
by making a chiral rotation, we can simplify the form of (20.133) by appropri- 
ate chiral transformations. To find the required transformations, diagonalize 


the Hermitian matrices obtained by squaring Àq and X,,. Define unitary ma- 
trices U,, and W, by 


Aud = Ua DUL — MDu = Wa DZWI, (20.135) 


U uU) 


where D? is a diagonal matrix with positive eigenvalues. Then 
Au = Us Da Wi, (20.136) 


where D, is the diagonal matrix whose diagonal elements are the positive 
square roots of the eigenvalues of (20.135). We can define unitary matrices Ug 
and Wa in a similar way and decompose Ag as 


Na = Ua Da W}. (20.137) 
Now make the change of variables 
un > WH, h > Wi dh. (20.138) 
This eliminates the unitary matrices W, and Wa from the Higgs coupling 
(20.133). Since each of the three wu’, and each of the three dh have the same 


coupling to the gauge fields, W, and W4 commute with the corresponding 
covariant derivatives. Thus, under (20.138), 


do Helle + dn(D)dip) > Y (wig (Dug + Ue (D)d'g), (20.139) 


t a 
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and so W, and Wg disappear from the theory. 
The analogous transformation on the left-handed fields also makes a dra- 
matic simplification. Make the change of variables 


ul, = Utt, 1 3 Ud). (20.140) 


This transformation eliminates U„, Ua from the terms in (20.133) that involve 
the lower component of the Higgs field. In unitarity gauge, only these terms 
survive. By combining the diagonal elements of D, and Da with the vacuum 
expectation value of the Higgs field, we can relate these elements to quark 
masses: : 
My = yu ma = —=Div. (20.141) 


With this replacement, (20.133) takes the form 
ii yj h ini i h 
Lm = -mid d, (1 + =) -— miti uh (a + =) + h.c. (20.142) 


This has the standard form of quark mass terms and Higgs boson couplings. 
The transformations (20.138) and (20.140) thus convert the quark fields to the 
basis of mass eigenstates. In this basis, the mass terms and Higgs couplings 
are diagonal in flavor and conserve P, C, and T. 

Since left-handed u and d quarks have identical couplings to QCD, the 
matrices U,, and Ug commute with the QCD couplings in the covariant deriva- 
tive. However, uz and dy are mixed by the weak interactions, and so we must 
investigate the effect of (20.140) on the SU(2) x U(1) couplings more carefully. 
This is most easily done by referring to the Lagrangian (20.79). The matri- 
ces U, and Ug cancel out of the pure kinetic terms in the first line of (20.79). 
They also cancel out of the electromagnetic current JEg; for example, 


Ua, > LOL eu = au, (20.143) 


By the same logic, U,, and Ug cancel out of the Z? boson current. 
However, in the current that couples to the W boson field, we find 


l i l; ij gj 
Jet = puri = ete (Viva) ty, (20.144) 
That is, the charge-changing weak interactions link the three uf quarks with 
a unitary rotation of the triplet of di, quarks, with this rotation given by the 
unitary matrix 
V =UlUg. (20.145) 


The matrix V is known as the Cabibbo-Kobayashi-Maskawa (CKM) mixing 
matrix. 

The matrix V can have complex elements, but we can remove phases 
from V by performing phase rotations of the various quark fields. Before 
analyzing the case of three generations, it is useful to consider the case of two 
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generations—u, d, c, and s. In this case, V is a 2 x 2 unitary matrix. Such a 
matrix has 4 parameters; we can write its most general form as 


cos beet“ sin beet? 

v= (_ sin ĝeet O+) cos sites) | ; (20.146) 

One parameter of V is a rotation angle, and the other three are phases. We 

can remove these phases by performing the change of variables on the quark 
fields a 

qi > explia’ lgi. (20.147) 


This global phase rotation has no effect on any term of the Lagrangian except 
for the weak charged current (20.144). A phase rotation that is equal for all 
four quark flavors cancels out of (20.144). However, the other three possible 
phase transformations are just what we need to eliminate a, 8, and y. 
When we have chosen the phases of the quark fields in this way, V takes 


the form 
cosĝe  sinbe 
V= (< sin ĝe cos g) . (20.148) 


Then the quark terms in the weak charged current can be written 


1 
jet = g OnLy” dr + sin btry" sr — sin beL ydr + cos betr Yy” SL). 


(20.149) 
We have already seen, in Eqs. (18.31) and (18.32), that this is the way the 
s quark enters the weak interactions. The angle @, is the Cabibbo angle, as 
defined in Eq. (18.30). 

The same set of arguments can be made for the theory with three genera- 
tions. Here V is a general unitary 3x3 matrix. Such a matrix has 9 parameters. 
Of these, 3 are rotation angles; this is the number of parameters of an O(3) 
rotation. The remaining 6 parameters are phases. We can remove these phases 
by making phase rotations of quark fields as in (20.147), but the overall phase 
is redundant, so we can remove only 5 of these phases. The final form of V 
contains 3 angles, of which one is the Cabibbo angle, and one phase. After 
all the transformations we have made, this one phase that makes some cou- 
plings of the W* to quarks complex is the only remaining parameter that 
violates CP. 

We began this argument from a Lagrangian for the quark-Higgs boson 
coupling that seemed to violate all possible flavor symmetries and all dis- 
crete spacetime symmetries. However, by making changes of variables on the 
fermion fields, we have been able to dramatically simplify the form of the La- 
grangian. If we keep only those terms involving the massless gauge bosons, 
the photon and the gluons, plus the mass terms and interactions written 
in (20.142), we see that this set of terms conserves P, C, T, and all flavor 
symmetries. This dramatic simplification occurs because the unbroken gauge 
symmetry of Nature, the gauge symmetry of QCD and QED, is nonchiral and 
can be written as acting on Dirac fermions. Since we have omitted only the 
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Figure 20.7. Higher-order diagrams that seem to give the leading contri- 
butions to flavor-changing weak neutral current processes: (a) K? > uT u7; 


(b) K? > R°. 


effects mediated by the massive W and Z bosons, this much of the analysis 
already guarantees that Nature will appear, to a high degree of approxima- 
tion, to respect the three separate discrete symmetries and all quark flavor 
conservation laws. Notice that we did not assume any fundamental global sym- 
metries, but depended only on the assignment of gauge quantum numbers in 
the SU(3) x SU (2) x U(1) gauge theory. 

If we include the Z boson and the weak neutral current, we have a theory 
that violates P and C through Z exchange but that respects CP. In addition, 
this theory respects all flavor conservation laws. We describe this situation by 
saying that there is no flavor-changing weak neutral current. The experimental 
evidence for this statement is quite impressive. The best tests come from the 
study of the neutral K? meson, which is an sd bound state and so could decay 
by Z°? exchange if this boson coupled to a flavor-changing current. In fact, the 
decay K° — utu” is highly suppressed, to the level of the one-loop weak 
interaction correction shown in Fig. 20.7(a). Similarly, the interconversion of 


K? and K°, which could proceed directly if the Z° could change flavor, is 
suppressed to the level of the contribution shown in Fig. 20.7(b). 

On the other hand, W bosons couple to currents that can change quark 
flavor, in a pattern parametrized by the Cabibbo angle and the other angles 
in the CKM matrix. Thus, heavy quark flavors decay by W boson exchange 
processes. Since the W couples to a current that contains only left-handed 
quarks, it mediates an interaction that violates P and C maximally. This 
violation of discrete symmetries is concealed from our ordinary experience be- 
cause the amplitude for W exchange is small. However, this P and C violation 
is a dramatic qualitative feature of weak decays. 

Since the coupling of the W to quarks contains an irreducible phase, these 
couplings in principle can violate CP. However, we have seen that this phase 
can be removed in a theory with only two generations. This means that the 
phase of the CKM matrix can have physical consequences only in a process 
that involves all three generations. Typically, this means that the CKM phase 
can contribute only to weak interaction loop corrections or to complicated 
exclusive decay processes. Thus the SU(3) x SU(2) x U(1) theory can account 
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for CP violation, and also explains why this effect is much weaker even than 
the weak interactions. It is interesting to note that Kobayashi and Maskawa 
originally proposed the existence of the third generation in order to provide a 
mechanism for CP violation.t 

On the other hand, at this moment there is no conclusive evidence that 
the origin of CP violation is indeed the phase of the CKM matrix. All of the 
arguments we have given in this section have used the simplest model of the 
Higgs sector, in which this sector consists of a single scalar field. More general 
models of the Higgs sector may leave behind a more complicated set of quark- 
Higgs couplings than appear in (20.142), and some of these may violate CP. 
In addition, there may be terms in the Higgs sector itself that lead to CP 
violation. The origin of the observed CP violation is still an open problem 
that needs both theoretical and experimental exploration. 

Before leaving this subject, we must discuss one more aspect of this argu- 
ment that is still mysterious. To simplify the Lagrangian of the gauge theory 
of quarks to its final form, we needed to make chiral changes of variables in 
the functional integral. We saw in Section 19.2, and we reviewed at the begin- 
ning of this section, that such changes of variables produce the new P- and 
T-violating terms written in Eq. (20.127). It can be shown, using the fact that 
these terms are total derivatives, that the terms involving SU(2) and U(1) 
field strengths have no observable effects. However, the term involving QCD 
field strengths can induce an electric dipole moment for the neutron, a T- 
violating effect that has been searched for and excluded at an impressive level 
of accuracy. Thus the P- and T-violating combination of QCD field strengths 
cannnot be allowed to appear in the Lagrangian. On the other hand, if the 
original up and down quark Higgs coupling matrices were of the most general 
possible form, it seems that this cannot be avoided. This problem is known 
as the strong CP problem. To solve this problem, one must either constrain 
the Higgs coupling matrices, violating the spirit of the argument we have just 
concluded, or one must add additional structure to the Higgs sector.? 

Finally, let us discuss the general form and simplification of the Higgs 
boson couplings to leptons. When we wrote the Glashow-Weinberg-Salam La- 
grangian in the previous section, we noted that no gauge field coupled to the 
right-handed neutrino. Thus, we chose to eliminate this particle from the the- 
ory. We might need right-handed components of the neutrinos to construct 
neutrino mass terms, but at the moment there is no evidence for nonzero 
neutrino masses. Thus, in the remainder of this section, we will assume that 
there are no right-handed neutrinos and work out the consequences of this 
assumption.* 


İM. Kobayaski and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973). 


tThe strong CP problem, its proposed solutions, and their unexpected implica- 
tions are reviewed by R. D. Peccei in CP Violation, C. Jarlskog, ed. (World Scientific, 
1989). 


*In generalizations of the SU(2) x U(1) model, neutrinos can acquire Majorana 
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Generalizing Eq. (20.133), we can write the most general coupling of a 
Higgs boson to three generations of leptons. Since there are no right-handed 
neutrinos, the only possible coupling is 

Lm = APE, be, + he. (20.150) 
To diagonalize this coupling, represent A, in the form 
de = UeDW], (20.151) 
and eliminate the matrices Up and W; by the changes of variables 
é Ud, vi U, ey Wi eh. (20.152) 
Since we are now making the same change of variables on the two components 
of the weak doublet Et, this change of variables commutes with the SU (2) 
interactions in the covariant derivative. Thus the unitary matrices Ug and Wọ 
completely disappear from the theory. The result is a theory of leptons that 
conserves C P exactly and also conserves the lepton number of each generation. 
This last result is very accurately tested experimentally. For example, there 
is no evidence for the generation-changing muon decay processes y7 — e7y 
or ys — ee et; the branching ratios for these processes are known to be 
below 10719, 

We have seen, then, that the SU(3) x SU(2) x U(1) gauge theory of 
quarks and leptons does an excellent job of accounting for the symmetries 
and conservation laws that are observed in elementary particle phenomena. 
It predicts which symmetries should be exact in Nature and which should be 
approximate. For approximate symmetries, it gives an accurate estimate of 
the level of symmetry violation. Most remarkably (except for the one issue 
of the strong CP problem), none of these predictions depend on any under- 
lying global discrete or flavor symmetries in the fundamental equations. The 
global symmetries that we observe in Nature follow only from gauge invari- 
ance and the specific representation assignments that we made in constructing 
our gauge theory description. 


mass terms that are naturally very small. These models also respect the constraints 
on lepton flavor mixing described in the next paragraph. For an introduction to these 
ideas on neutrino mass, see P. Ramond, in Perspectives in the Standard Model, R. K. 
Ellis, C. T. Hill, and J. D. Lykken, eds. (World Scientific, 1992). 


728 Chapter 20 Gauge Theories with Spontaneous Symmetry Breaking 


Problems 


20.1 Spontaneous breaking of SU(5). Consider a gauge theory with the gauge 
group SU(5), coupled to a scalar field © in the adjoint representation. Assume that 
the potential for this scalar field forces it to acquire a nonzero vacuum expectation 
value. Two possible choices for this expectation value are 


1 2 


(®)=A 1 and {(®)=B 2 
1 —3 
—4 -3 


For each case, work out the spectrum of gauge bosons and the unbroken symmetry 
group. 
20.2 Decay modes of the W and Z bosons. 


(a) Compute the partial decay widths of the W boson into pairs of quarks and 
leptons. Assume that the top quark mass m+ is larger than mw, and ignore 
the other quark masses. The decay widths to quarks are enhanced by QCD 
corrections. Show that the correction is given, to order as, by Eq. (17.9). Using 
sin? 6, = 0.23, find a numerical value for the total width of the W+. 


(b) Compute the partial decay widths of the Z boson into pairs of quarks and 
leptons, treating the quarks in the same way as in part (a). Determine the total 
width of the Z boson and the fractions of the decays that give hadrons, charged 
leptons, and invisible modes vi. 


20.3 ete — hadrons with photon-Z° interference 


(a) Consider a fermion species f with electric charge Qf and weak isospin J 3 for its 
left-handed component. Ignore the mass of the f. Compute the differential cross 
section for the process ete~ — ff in the standard electroweak model. Include 
the effect of the Z° width using the Breit-Wigner formula, Eq. (7.60). Plot the 
behavior of the total cross section as a function of CM energy through the Z° 
resonance, for u, d, and p. 


(b) Compute the forward-backward asymmetry for ete~ — ff, defined as 


(fo — J? )dcosb(do/dcos 6) 


f 
E + f° cos 6(do/dcos@)’ 


FB 


as a function of center of mass energy. 


(c) Show that, just on the Z° resonance, the forward-backward asymmetry is given 
by 
f _3 f 
App = 4 LRALR: 


(d) Show that the cross section at the peak of the Z° resonance is given by 


_ 12nT(Z9 + ete )I(Z° > fF) 
Tpeak z rz ’ 


20.4 
(a) 


(b) 


(c) 


20.5 
(a) 


(b) 
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where Tz is the total width of the Z°. Notice that both the total width of the 
Z? and the peak height are affected by the presence of extra invisible decay 
modes. Compute the shifts in Tz and Gpeak that would be produced by a hy- 
pothetical fourth neutrino species, and. compare these shifts to the cross section 
measurements shown in Fig. 20.5. 


Neutral-current deep inelastic scattering. 


In Eq. (17.35), we wrote formulae for neutrino and antineutrino deep inelastic 
scattering with WE exchange. Neutrinos and antineutrinos can also scatter by 
exchanging a Z°. This process, which leads to a hadronic jet but no observable 
outgoing lepton, is called the neutral current reaction. Compute do/dzrdy for 
neutral current deep inelastic scattering of neutrinos and antineutrinos from 
protons, accounting for scattering from u and d quarks and antiquarks. 


Next, consider deep inelastic scattering from a nucleus A with equal numbers 
of protons and neutrons. For such a target, fu(z) = falz), and similarly for 
antiquarks. Show that the formulae in part (a) simplify in such a situation. In 
particular, let R”, R” be defined as 


do /dzdy(vA > vX) p  da/dxdy(vA > 0X) 


v 
R do /dzdy(vA > 7X)’ ~ do/dady(vA => wt XY 


Show that R” and R” are given by the following simple formulae: 


1 5 
R” = 37 sin? O64) + 9 sin* bwll +r), 


1 5 1 
RY = - — sin? 6, + = sinf buy (1 + = 
5 sin w + 9 sin w( +7) 


where 
r da/dxdy(vA — u™ X) 
~ da/dady(vA => uX) 


These formulae remain true when R” and R?” are redefined to be the ratios of 
neutral- to charged-current cross sections integrated over the region of x and y 
that is observed in a given experiment. 


By setting r equal to the observed value—say, r = 0.4—and varying sin? 6,,, 
the relations of part (b) generate a curve in the plane of R” versus R? that is 
known as Weinberg’s nose. Sketch this curve. The observed values of R”, R? lie 
close to this curve, near the point corresponding to sin? 0w = 0.23. 


A model with two Higgs fields. 


Consider a model with two scalar fields ¢, and $2, which transform as SU(2) 
doublets with Y = 1/2. Assume that the two fields acquire parallel vacuum 
expectation values of the form (20.23) with vacuum expectation values v1, v2. 
Show that these vacuum expectation values produce the same gauge boson mass 


matrix that we found in Section 20.2, with the replacement 
yo (ve + v3). 


The most general potential function for a model with two Higgs doublets is quite 
complex. However, if we impose the discrete symmetry ¢1 — —¢1, ¢2 > ¢2; 


730 


(c) 


(d) 
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the most general potential is 


V(d1, 62) = —u2 6} b1 — uolez + Ar (6! b1)? +All)? 
+ Aslla) + Aa(ol dalio) + As (lotga)? + h.c). 


Find conditions on the parameters u; and À; so that the configuration of vac- 
uum expectation values required in part (a) is a locally stable minimum of this 
potential. 


In the unitarity gauge, one linear combination of the upper components of ¢1 
and ¢2 is eliminated, while the other remains as a physical field. Show that the 
physical charged Higgs field has the form 


pt =sin Bef — cos Boy, 


where ĝ is defined by the relation 


tan @ = 22, 
vy 
Assume that the two Higgs fields couple to quarks by the set of fundamental 
couplings 
Lm = -NI QL + 1d, — MEQ rapuh + hc. 
Find the couplings of the physical charged Higgs boson of part (c) to the mass 


eigenstates of quarks. These couplings depend only on the values of the quark 
masses and tan @ and on the elements of the CKM matrix. 


Chapter 21 


Quantization of Spontaneously 
Broken Gauge Theories 


In Chapter 20 we saw that when a gauge symmetry is spontaneously broken, 
the gauge bosons acquire mass. This phenomenon allowed us to construct a 
realistic theory of the weak interactions. Up to this point, however, we have 
discussed spontaneously broken gauge theories only in a simplistic way. To 
isolate the physical degrees of freedom, we have used the device of going to the 
unitarity gauge. However, it is not at all clear what the rules of perturbation 
theory are in this gauge, or how the unitarity gauge constraint is maintained 
when we compute Feynman diagrams. We have also seen that the Goldstone 
bosons that are absorbed into the massive gauge bosons play an important 
role in formal arguments about these theories, so we would like to quantize 
these theories in a gauge that does not eliminate these particles from the 
beginning. 

In this chapter we will address these problems, by carrying out the for- 
mal gauge-fixing of theories with spontaneously broken gauge symmetry us- 
ing the Faddeev-Popov method. We will define a class of gauges, called the 
Re gauges, almost all of which contain the Goldstone bosons of the original 
spontaneous symmetry breaking. These particles cancel the effects of other 
unphysical particles in the formalism to maintain the unitarity of the theory. 
These cancellations are a more intricate version of the cancellations between 
gauge and ghost degrees of freedom that we saw in Chapter 16. However, we 
will see in Section 21.2 that a theory does not forget that it contains Goldstone 
bosons and that, under some circumstances, the properties of the Goldstone 
bosons in the theory without gauge couplings can carry over to the theory 
with massive gauge bosons. 

Finally, having defined the perturbation theory and clarified the role of the 
Goldstone bosons in spontaneously broken gauge theories, we will carry out 
some explicit loop calculations of interest in the theory of weak interactions. 
Here we will see applications of the ideas of Chapter 11, that a theory with 
spontaneously broken symmetry can be renormalized with the counterterms 
of the symmetric Lagrangian. In Section 21.3 we will show through some 
examples that this result applies with equal force to gauge theories, and that 
it endows the weak-interaction gauge theory with substantial predictive power. 
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21.1 The Rg Gauges 


In our discussion of the low-energy effective Lagrangian for weak interactions, 
we proposed in Eq. (20.89) the following expression for the propagator of a 
massive gauge boson: 

(A" (p) A” (—p)) = (21.1) 
This expression is a natural first guess, generalizing the Feynman-‘t Hooft 
gauge. However, it is unsatisfactory in a number of ways. 

The most important of these defects concerns the treatment of gauge 
boson polarization states. The propagator (21.1) contains four components, 
corresponding to the transverse, longitudinal, and timelike polarizations. We 
saw in Chapters 5 and 16 that, for massless gauge bosons, the unphysical 
longitudinal and timelike components cancel in computations. For a massive 
gauge boson, however, the longitudinal polarization state corresponds to a 
real physical particle; we do not want it to cancel. Expression (21.1) does not 
take this change into account. 


An Abelian Example 


To understand this and other formal problems that arise for gauge theories 
with spontaneously broken symmetry, we need to carefully redo the Faddeev- 
Popov quantization of these theories. To begin, we will quantize the sponta- 
neously broken Abelian gauge theory introduced in Eq. (20.1): 


£=-1(F,,)? + |D,¢|’ - V(¢), (21.2) 


with D, = 0, + ieA,. Here ¢(x) is a complex scalar field. However, it will 
be most convenient to analyze the model by writing ¢ in terms of its real 


components, 
—~ ta ge 
p= a? + ig’). (21.3) 


Then the infinitesimal local symmetry transformation is 
1 
ôg! = —a(x)¢?, 6¢7 = a(x)d', 6A, = —--O,a. (21.4) 
e 


Let us assume that V(¢) forces the scalar field to acquire a vacuum ex- 
pectation value: ($1) = v. Then we should change variables by a shift: 


@(a)=vt+h(2); =e. (21.5) 


The field ¢? or y is the Goldstone boson. The Lagrangian (21.2) now takes 
the form 


L=-3(Fuv)? + 4(d,h ~ eA,y)” + (0,9 +eA,(v +h)? — V6). (21.6) 
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This Lagrangian is still invariant under an exact local symmetry, 


1 
êh = —a(xr)y, 6p = a(x)(u +h), 6A, = -70a (21.7) 


Thus, in order to define the functional integral over the variables (h, y, A,,), 
we must introduce Faddeev-Popov gauge fixing. 
Starting from the functional integral 


Z= f DADhDy cif Ehe, (21.8) 


we can introduce a gauge-fixing constraint as we did in Section 9.4. Following 
the steps leading from Eq. (9.50) to Eq. (9.54), we find 
6G 
Z=C. J pavnve cif Elhe 6(G(A, h, y)) det (=), (21.9) 
a 
where C is a constant proportional to the volume of the gauge group and 
G(A,h,y) is a gauge-fixing condition. Alternatively, we can introduce the 
gauge-fixing constraint as 6(G(x) — w(x)) and integrate over w(x) with a 
Gaussian weight, as in the derivation of Eq. (9.56). This gives 


G 
Z=C'. J papnvg exp i fetela, h, gl — +(@)")| act ($2), (21.10) 
The gauge-fixing function G is arbitrary, but we can simplify our formalism 
by choosing it appropriately. 
An especially convenient choice of the gauge-fixing function is 


G= gaa — evp). (21.11) 
When we form G?, the term quadratic in A,, will provide the same gauge- 
dependent addition to the gauge field action that we saw in the derivation 
of Eqs. (9.58) and (16.29). In addition, the cross term between A,, and ¢ is 
engineered to cancel the quadratic term of the form 0,,gA" coming from the 
third term of (21.6). With this choice, the quadratic terms of the gauge-fixed 
Lagrangian (£ — £G?) are 


coe a(t + Doro) 
(21.12) 


i 2_1 2,1 2_¢€ 

5 (ult) smh 5 (Ou) -= zev) e. 
The mass term for the h field comes from the expansion of V(¢), as in (20.6). 
The mass term for the gauge field comes from the Higgs mechanism, that is, 
from the third term of (21.6). Notice that the formalism also produces a mass 
for the Goldstone boson y: 


m? = &(ev)? = ém}. (21.13) 
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The fact that this mass is gauge-dependent is a signal that the Goldstone 
boson is a fictitious field, which will not be produced in physical processes. 
To complete the Faddeev-Popov quantization procedure, we must derive 

the Lagrangian of the ghosts. This Lagrangian depends on the gauge variation 
of G, which can be computed by inserting (21.7) into (21.11). We find 

6G 1 1 

= 8? +h)). 21.14 

> wal =0? — gev(v + h) (21.14) 
The determinant of this operator can be accounted for by including a set of 
Faddeev-Popov ghosts with the Lagrangian, 


Lghost = e|-0? -m4 (1+ “Je, (21.15) 


where ma = ev as in Eq. (21.13). Since this is an Abelian gauge theory, the 
ghost field does not couple directly to the gauge field. It does, however, couple 
to the physical Higgs field, so it cannot be completely ignored as in QED. 
From the quadratic terms in the Lagrangians for A,,, h, p, and the ghosts, 
we can readily find the propagators for these fields. All four propagators are 
shown in Fig. 21.1. The only complicated case is that of the gauge field. The 
term in (21.12) involving A,, involves an operator whose Fourier transform is 


gtk? — (1 =)erRY mag” 


(21.16) 
k” k” ktk” 1 
— fow 2 2), 2 2 
(ot — a) (H? mi) + (“a ) g(t? — 0m). 
The inverse of this matrix gives the A,, field propagator: 
—i ktk” —i£ k” k” 
Al (Rk) A” = pY l 
(A" (k) A” (=k) AG k2 ) EA k2 ) 
(21.17) 


_ —i ww ktk” 1 ) 

k? — m} (9 2 Em3, §)}: 

Notice that the transverse components of the A field and the component A 
of the Higgs field acquire the masses mA, mp, that we found in Section 20.1. 


The unphysical components of A, the Goldstone bosons, and the ghosts all 
acquire the same gauge-dependent mass /ém,. 


€ Dependence in Perturbation Theory 


Because the parameter € was introduced only in the gauge fixing, we expect 
it to cancel out of all computations of expectation values of gauge-invariant 
operators and of S-matrix elements. This cancellation can be proved to all 
orders in perturbation theory by using the BRST symmetry of the gauge- 
fixed Lagrangian.* Here, however, we will simply illustrate the cancellation of 
€ in a simple example. 


*See, for example, Taylor (1976). 
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A _ —? uv ktk” 1 
h -a ee =——_, 

k k? -mý 

i 

p ---—*4--- => 

k k? — Em} 
Ci an ao =! 

k k? — Em4 


Figure 21.1. Propagators of the gauge field, Higgs fields, and ghosts in the 
Abelian model with spontaneously broken symmetry. 


pats ds Ded 


Figure 21.2. Diagrams contributing to fermion-fermion scattering at lead- 
ing order in the Abelian model with spontaneous symmetry breaking. 


Consider coupling a fermion to the spontaneously broken gauge theory 
through a chiral interaction: 


Ly = YLP + belid)vr — Ap (ULovR+¥Ro YL), (21.18) 


with D, = 0, + ieA, as before. This is a stripped-down, Abelian version of 
the coupling of fermions to the weak interaction gauge theory. The fermion wy 
receives a mass 
v 

myr Àf Wa (21.19) 
from the spontaneous symmetry breaking. (This theory has an axial vector 
anomaly that would render loop calculations inconsistent, but we will analyze 
it only at the level of tree diagrams.) 

In this theory, the leading-order diagrams contributing to fermion-fermion 
scattering are those shown in Fig. 21.2. Notice that the contribution from the 
exchange of the unphysical particle y must be included, since this particle 
appears in the Feynman rules. The ghosts do not appear in this process until 
the one-loop level. Since the propagator of the physical Higgs particle h is 
independent of €, the cancellation of the € dependence must take place between 
the transverse and longitudinal components of A, and the Goldstone boson y. 
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The graph with exchange of the Goldstone boson has the value 
. Af 2 ry. 5 
= (= k 21.20 
iMg (<5) u(p')yu(p Pee ent a(k jy ulk). (21.20) 


The € dependence of this expression must be canceled by that of the gauge 
boson exchange diagram, 

, 2- 1-7? 

iMa = (~ie) alp Jy (=> Julo) 


—i v Lað 
Fone (0! — x10) A r O] 
(21.21) 


The € dependence of this term looks quite intricate. However, we can make 
some simplifications by rewriting the gauge boson propagator as 


» gg vi 1 1 
ye EE srt, -g)) 
x (ot ak z Poem 9) 


—i 


-m4 m 
—4 Hg” —i HoV 
~ 72 2 (ot f 3 ) F- 2 (4 s ). (21.22) 
qe ma ma q — Ema \ mA 


The first term of (21.22) is €-independent. The second term can be simplified 
in (21.21) by using the identity 


að 
ale! (>) utr) = 500") [0 - p) — W- phlu) 
= Falp) [P +u) (21.23) 
= myti(p')yPu(p), 


and the analogous identity on the other fermion line. After making these 
rearrangements and inserting the explicit values m f = Azv / V2 and m A= ev, 
the gauge boson exchange amplitude (21.21) takes the form 


ma citn (Eoo E en (SE) 


+ (26) aouo) ara u). (21.24) 
v2 q? — Emh 


The second term of (21.24) precisely cancels the Goldstone boson exchange 
diagram (21.20). The terms that remain in the fermion-fermion scattering 
amplitude are independent of £. 

This demonstration merits two additional comments. First, throughout 
this book, we have become accustomed to dotting the gauge boson momen- 
tum into a gauge boson vertex and finding zero or contact terms. However, in 
spontaneously broken gauge theories, we typically find a different result. The 
fermionic current Yy” (1—45 )y is not conserved, with the nonconservation be- 
ing proportional to the fermion mass. This allows the manipulation (21.23) to 
contribute terms proportional to the Higgs boson vacuum expectation value, 


21.1 The Re Gauges 737 


which interplay with the Goldstone boson contributions. We will discuss this 
point further, and find a physical application of it, in Section 21.2. 

The second point concerns the final form of the gauge-invariant sum of 
the gauge boson and Goldstone boson exchange diagrams. These give just the 
result we would have found by neglecting the Goldstone boson and computing 
the gauge boson exchange using the first term of (21.22) as the propagator: 


—i gg” 
(anA) = ar o r) (21.25) 
q? = mA 

The tensor structure represents a gauge boson polarization sum. To identify 
what vectors are summed over, notice that, if the vector boson is on-shell, and 
if we boost to its rest frame, this structure becomes precisely the projection 
onto the three purely spatial directions. These are the three polarization states 
of an on-shell massive vector particle. In a general frame, still for q” on-shell, 
the tensor in (21.25) remains the projection onto physical polarization states: 


So cle’ = - (o _ tr). (21.26) 


Thus, in the cancellation of the €-dependent parts of the gauge boson propa- 
gator, we also find that the Goldstone boson diagram cancels the contribution 
of the unphysical timelike polarization state of the gauge boson, leaving over 
the required three physical polarizations. 

The perturbation theory rules that we have developed have a very differ- 
ent character for different values of £. Thus, it is even more true in the case of 
spontaneously broken symmetry that we can find different special simplifica- 
tions by choosing different values of this gauge parameter. For € = 0, Lorentz 
gauge, the Goldstone boson is massless and has exactly the couplings it has in 
the ungauged model of symmetry breaking, while the gauge boson propagator 
is purely transverse: 


__ = po | KERON, at 
aay Pom (o 73 ); p 52" (21.27) 


This gauge is especially useful for analyzing models of symmetry breaking. 
Both propagators have poles at k? = 0. However, we know that there are no 
corresponding physical particles, because these poles move away from k? = 0 
as we change €, while the S-matrix must be €-independent. 

For € = 1, we recover the simple form of the gauge boson propagator given 
in (21.1). This choice of the gauge boson propagator is not consistent, however, 
unless we also include Goldstone boson exchanges in which the Goldstone 
boson is also assigned the mass ma: 


igh” i 
ANAN FT Tororo = 73 2° 21.2 
nh «€ D kh? — m3,’ P k? — m? ( 8) 
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This gauge, still called the Feynman-‘t Hooft gauge, is the most convenient 
one for general higher-order computations. 

For any finite value of €, the gauge boson and Goldstone boson propa- 
gators fall off as 1/k? and thus obey the general power-counting analysis of 
Section 10.1. It follows that, in any one of these gauges, the perturbation the- 
ory will be renormalizable, in the sense that the divergences are removed by 
a finite set of counterterms. Furthermore, the analysis of Section 11.6 tells us 
that the only counterterms required are those that are symmetric under the 
original global symmetry of the theory. However, we should require one fur- 
ther condition of our renormalization procedure: We should insist that the 
counterterms preserve local gauge invariance, and, in particular, preserve the 
property that S-matrix elements and the matrix elements of gauge-invariant 
operators are independent of €. This result was proved to all orders in pertur- 
bation theory by ‘t Hooft and Veltman and by Lee and Zinn-Justin.? Thus, 
in the gauge defined by any finite value of €, we can, in principle, straightfor- 
wardly compute a physical quantity to any order. The gauges defined by the 
possible values of € are known as the renormalizability, or Re, gauges. 

By taking the limit € — oo of the Re gauges, we find a gauge with very 
different simplifying features. In this limit, the unphysical degrees of freedom, 
which have masses proportional to y£, disappear from the theory. The gauge 
boson and Goldstone boson propagators become: 


—i ktk” 
DIY” =D z(o” 5 ): ----#--- =0. (21.29) 
H TOP k? — m4 MA 
The gauge boson propagator contains exactly the three spacelike polarization 
states. In this gauge, the only singularities of Feynman diagrams correspond to 
the propagation of physical intermediate states. Thus, the unitarity of the S- 
matrix follows from the Cutkosky rules, as in the globally symmetric theories 
considered in Section 7.3, without the need to worry about the cancellation 
of unphysical states. The £ — oo limit of the Re gauges thus gives the 
quantum-mechanical realization of the unitarity (or U) gauge, introduced in 
Eq. (20.12). 

It is not straightforward to prove renormalizability directly in the U gauge. 
In this gauge, the gauge boson propagator falls off more slowly than 1/k? at 
large k. This signals trouble for the evaluation of loop diagrams. Typically, in 
fact, individual loop diagrams will diverge as log £ or worse as € — oo. Still, the 
gauge invariance of the S-matrix implies that these divergences must cancel 
in the sum of all diagrams contributing to a given process, so that this sum 
has a smooth limit as € — oo. There is no difficulty of principle with the 
fact that we use one gauge to prove the renormalizability of spontaneously 


İG. ‘t Hooft and M. J. G. Veltman, Nucl. Phys. B50, 318 (1972), B. W. Lee and 
J. Zinn-Justin, Phys. Rev. D5, 3121, 3137, 3155 (1972), D7, 1049 (1973). 

In the more sophisticated language of Section 16.4, the crucial identity (16.54), 
which is required for the unitarity of the S-matrix, is true manifestly. 
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broken gauge theories and another gauge to prove their unitarity. In fact, this 
method of argumentation makes natural use of the underlying symmetries of 
the theory. 


Non-Abelian Analysis 


Now that we have thoroughly examined the Re gauges for an Abelian gauge 
theory, we are ready to generalize to the non-Abelian case. There is no diffi- 
culty in being completely general, so let us consider a Yang-Mills gauge theory 
with gauge group G, spontaneously broken by the vacuum expectation value 
of a scalar field. 

We will build on our classical analysis of this system following Eq. (20.13). 
As in that analysis, it will be most convenient to write the scalars as a mul- 
tiplet ¢; of real-valued fields. Then the gauge transformation of the œ; takes 
the form 

pi = —0° (£) Tg Qj, (21.30) 

where the T% are real, antisymmetric representation matrices of G. Similarly, 
the transformation of the gauge fields is 


1 1 
6A? = zua" ~ fear AS = z Pra)" (21.31) 
(If the gauge group is not simple, the coupling g need not be the same for 
every a.) The Lagrangian invariant under these gauge transformations is 


L= —1(Fi)? + iDo) - (4), (21.32) 
with 
Dpi = Oppi + JATKO. (21.33) 


Assume that the potential V(¢) is minimized at a point where some of 
the components of ¢ acquire vacuum expectation values. As in (20.16), define 


($i) = (po): (21.34) 
We will expand ¢; about this value: 
bi(£) = poi + xi(2). (21.35) 


It will be convenient to divide the space of values y; into two subspaces. 
The vectors T“¢p correspond to symmetry transformations of the vacuum 
expectation value of ġ. The field fluctuations along these directions are the 
Goldstone bosons. Let {n;} be an orthonormal basis for this subspace; then 
the unit vectors n; are in 1-to-1 correspondence with the Goldstone bosons. 
The field fluctuations orthogonal to all of the vectors T° œo correspond to the 
(massive) physical scalar fields of the spontaneously broken gauge theory. 
In the discussion to follow, the vectors T%@9 will play an important role. 
We should then recall the notation for these vectors that we introduced in 
Eq. (20.51): 
F"; = Ti ooj. (21.36) 
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The matrix F’%; is not generally square; it has one row for each gauge generator, 
and one column for each component of ¢. However, many of its elements are 
zero. Its nonzero elements connect the spontaneously broken gauge generators 
and the Goldstone bosons. In Eq. (20.56), we showed that the gauge boson 
masses generated through the Higgs mechanism can be written 


m2, = 9° FY; F?,. (21.37) 


To give a concrete example of a matrix F'%;, let us compute it in the GWS 
electroweak theory. Following the conventions introduced in Eq. (20.14), we 
should rewrite the Higgs field of the GWS model in terms of four real scalar 
fields. A convenient parametrization is 


1 /( -i(o' — ig?) 
= — . . 21.38 
$ L. ( ) 
The fields ¢* are the Goldstone bosons, and h is the massive Higgs boson. The 
vacuum state is simply 


The real representation matrices are 


a 1 
T° = —ir? = -i7 TY = ~i¥ =~i5. 
A simple computation then shows, for instance, that T! go equals v/2 times 
a unit vector in the ¢! direction. Filling in the remaining components of F’ Ors 
with a = 1,2,3,Y and i = 1,2,3, we find 


g 0 0 

a Y 0 0 
gF%=5 | 9 o J (21.39) 

0 0 -g 


We do not need to include the components of F% along the direction of the 
physical Higgs field h; the vectors T@@o are all orthogonal to this direction. 

If we insert (21.35) into (21.32) as a change of variables, we find, for the 
quadratic terms in the Lagrangian, 


Ly = —5 Aa (—g"7 8? + OHO") AP + (8px) 


Ly 2 sab boa (21.40) 
+ goxi AL PS + ama) AAP — 3 MijXiXi, 
where (m%,)%° is the gauge boson mass matrix (21.37) and 
82? 
Mi; = —~—-V . 21.41 
J 06:00; ($) bo ( ) 


We proved in Eq. (11.13) that 
niMij =0 (21.42) 
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for all possible directions n; in the subspace spanned by the Td, so the 
Goldstone bosons are massless. 

To study the quantum theory of this system we start with the functional 
integral 


Z= f DADy éS 14%, (21.43) 


Using the Faddeev-Popov gauge-fixing procedure, we define this integral, anal- 
ogously to (21.10), as 


Z=C'. [parr exp i fate(cla, x] - 3(6)")] det (2), (21.44) 


for an arbitrary gauge-fixing function G(A, x). The Re gauges are defined by 
the choice 1 
Ge = gA" — EgF%:xi). (21.45) 
Note that G involves only the components of x that lie in the subspace of the 
Goldstone bosons. 
The gauge-fixing term adds to the Lagrangian the following set of quad- 
ratic terms: 


(=}G?)2 = FAG (FOO) AS + gO AHE — LEP [Foa]. (21.46) 
The term that mixes Af and x; is arranged to cancel between (21.40) and 


(21.46). The final quadratic Lagrangian for the gauge and Goldstone boson 
fields is 


Lo = -42([ GP + (1 =)00" 5% — o PPS) at 


1 1 a pa 

+ 5 (nx)? — oo F F% XiX. (21.47) 
The mass matrices of gauge bosons and Goldstone bosons in this La- 

grangian are closely related to one another. The gauge boson mass matrix 

is 


(m) — g? F4 Fè, = PFET. (21.48) 


In an Re gauge, the timelike components of the gauge bosons acquire the mass 
matrix 


Ema = Eg? (FFT). (21.49) 
At the same time, the Goldstone bosons acquire the mass matrix 
(mée)ajy = E9 FES = €9? (FTF). (21.50) 


The two matrices (21.49) and (21.50) have different numbers of zero eigen- 
values, but their nonzero eigenvalues are in 1-to-1 correspondence. This is 
precisely the correspondence induced by the Higgs mechanism between the 
massive gauge bosons and the Goldstone bosons that they absorbed to gain 
mass. 
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Finally, we must construct the ghost Lagrangian. This is found from the 
gauge variation of the gauge-fixing term G*. Inserting (21.30) and (21.31) into 
(21.45), we find 


cr 


aè VE 


Thus, the ghost Lagrangian is 


(3 DH) + Eg(T* do) : T” (%0 + X)). (21.51) 


Lenost = ¿° [- (8 D”) — Eg’ (T Qo) -T?(b0 +0]. (21.52) 


Notice that the ghosts have exactly the same mass matrix (21.49) as the 
unphysical components of the gauge bosons. This Lagrangian also contains 
both the familiar coupling of the ghosts to the gauge fields and the coupling 
to the physical Higgs fields that we found in the Abelian case (21.15). 

We have now computed the kinetic energy terms for gauge fields, scalar 
fields, and ghosts in an Rẹ gauge. It is straightforward to convert these results 
to the calculation of propagators for these fields; the computations are exactly 
the same as in the Abelian case. We find for the three propagators 


; ab 
v —4 v kek” 
aa = (y -PFEF |” FFT ol) 


` ` t 
op T (erran), 


. ab 
t 
ten end = (ger) (21.53) 


All of these equations involve the matrix F defined in Eq. (21.36); the appear- 
ance of a matrix in the denominator should be interpreted as a matrix inverse. 
The scalar field propagator also includes the mass matrix (21.41) of the physi- 
cal Higgs bosons. There is no conflict between this matrix and the mass matrix 
of the Goldstone bosons, since they project onto orthogonal subspaces. 

Although the preceding discussion has been extremely abstract, it is not 
hard to specialize to a particular example. So consider, once again, the GWS 
electroweak theory, for which the matrix F; is given by Eq. (21.39). 

The gauge boson mass matrix in the GWS theory is 


2 0 0 0 


g 
2 2 
2 T vo 0 g 0 0 
g FE = 4 0 0 g? —gg' ’ 
0 0 —gg' g”? 


in agreement with Eq. (20.124). (The g on the left-hand side should be inter- 
preted as g’ for the fourth component of F.) Diagonalizing this matrix gives 
the familiar relations (20.62). Thus, in the basis of mass eigenstates, the four 
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gauge-boson propagators decouple to give simply 


—i LR RY 
TR — me jo” Bem o|; 


POY 
H 4x 


k 


(21.54) 


where m? is mi, mz, or, for the photon, zero. Notice that, for the photon, 


this expression precisely reproduces Eq. (9.58). 
The mass matrix of the Goldstone bosons in the GWS theory is 
ef 0 0 
g FTF = X 0 g 0 
0 0 g +g? 
These fields therefore have the propagator 
i 


-=m S eee (21.55) 


with m? = m2, for 6! and ¢? (the bosons eaten by the WF) and m? = m2 
for ¢° (the boson eaten by the Z). The field h(x), which is the physical Higgs 
field, propagates independently with a mass determined by the Higgs potential 
(and no factor of € in the propagator). 

Finally, there are four ghost fields. According to Eq. (21.53), these have 
the propagator 


sees ao =o (21.56) 


with the same values of m? as the four gauge bosons. 

The Feynman rules for the interaction vertices of these particles are com- 
plicated to write out, due to the large number of possible combinations. How- 
ever, it is quite straightforward to generate these rules by expanding the weak 
interaction Lagrangian and reading off the vertices term by term. We will 
work out a few examples in the following section.* 


21.2 The Goldstone Boson Equivalence Theorem 


From the results of the previous section, we see that perturbative calculations 
in the Re gauges involve intricate cancellations among unphysical particles. 
Sometimes, however, these unphysical particles can still leave their footprints 
in physical observables. In this section we will see that, in the high-energy 
limit, the unphysical Goldstone boson that is eaten by a massive gauge boson 
still controls the amplitude for emission or absorption of the gauge boson in 
its longitudinal polarization state. 


*The complete Feynman rules for the weak-interaction gauge theory are given in 
Appendix B of Cheng and Li (1984). 
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Figure 21.3. The Goldstone boson equivalence theorem. At high energy, 
the amplitude for emission or absorption of a longitudinally polarized massive 
gauge boson becomes equal to the amplitude for emission or absorption of 
the Goldstone boson that was eaten by the gauge boson. 


When we introduced the Higgs mechanism for vector boson mass genera- 
tion, we pointed out that it involves a certain conservation of degrees of free- 
dom. A massless gauge boson, which has two transverse polarization states, 
combines with a scalar Goldstone boson to produce a massive vector parti- 
cle, which has three polarization states. When the massive vector particle is 
at rest, its three polarization states are completely equivalent, but when it 
is moving relativistically, there is a clear distinction between the transverse 
and longitudinal polarization directions. This suggests that a rapidly mov- 
ing, longitudinally polarized massive gauge boson might betray its origin as a 
Goldstone boson. The strongest version of this idea is expressed in Fig. 21.3: 
The amplitude for emission or absorption of a longitudinally polarized gauge 
boson becomes equal, at high energy, to the amplitude for emission or ab- 
sorption of the Goldstone boson that was eaten. Remarkably, this statement 
is precisely correct, as a consequence of the underlying local gauge invari- 
ance. This Goldstone boson equivalence theorem was first proved by Cornwall, 
Levin, Tiktopoulos, and Vayonakis.? 


Formal Aspects of Goldstone Boson Equivalence 


The proof of the Goldstone boson equivalence theorem is based on the Ward 
identities of the spontaneously broken gauge theory. To give a complete proof 
of the theorem, we would have to construct and analyze these Ward identities 
in some detail. However, it is possible to understand the idea of the proof by 
examining the special case of the theorem in which a single massive vector 
boson is emitted or absorbed in a scattering process. The analysis of this 
special case requires only the relatively simple Ward identity satisfied by a 
current between on-shell states.! 


tJ. M. Cornwall, D. N. Levin, and G. Tiktopoulos, Phys. Rev. D10, 1145 (1974); 
C. E. Vayonakis, Lett. Nuov. Cim. 17, 383 (1976). For an illuminating discussion of 
the equivalence theorem, see B. W. Lee, C. Quigg, and H. Thacker, Phys. Rev. D16, 
1519 (1977). 


For a careful derivation of the equivalence theorem, including processes involving 
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To prepare for a discussion of longitudinal vector bosons, we need some 
simple kinematics. A vector boson at rest has momentum k” = (m,0,0,0) 
and a polarization vector that is a linear combination of the three orthogonal 
unit vectors 


(0,1,0,0), (0,0,1,0), (0,0,0,1). (21.57) 


If we boost this particle along the 3 axis, its momentum boosts to k” = 
(Ek, 0,0, k). The three possible polarization vectors are now the three unit 
vectors satisfying 

ky, =0, @=-1, (21.58) 


Two of these are the first two vectors in (21.57); these give the transverse po- 
larizations. The third vector satisfying (21.58) is the longitudinal polarization 
vector k E 
Br k 

et (k) = (— 00, ma ), (21.59) 
which is the boost of the third vector in (21.57). An important and somewhat 
counterintuitive feature of (21.59) is that it becomes increasingly parallel to 
k” as k becomes large. In fact, component by component, 

H 

él (k) = = + Olm/ Ex) (21.60) 
as k — oo. Since the components of k” are growing as k, this statement is 
consistent with the requirement that €z -k = 0 while k- k = m?. 

With this kinematic situation in mind, let us analyze the Ward identity 
satisfied by a gauge current matrix element between on-shell states. It is sim- 
plest to work in Lorentz gauge (€ = 0), where the gauge-fixing term (21.45) 
does not involve the Goldstone boson fields. The Ward identity can then be 
written as follows: 


sé Ne 
0 = we ( > = e( e + wi). (21.61) 


In the last expression we have written the matrix element as the sum of two 
pieces. First, the current can couple directly into a one-particle-irreducible 
vertex function I”(k). This gives the class of diagrams that contribute to the 
scattering of a gauge boson from the external states. However, for a sponta- 
neously broken gauge theory, there is an additional term, which is not one- 
particle-irreducible, in which the current creates a Goldstone boson and it is 
this particle that couples to the external states through a 1PI vertex ['(k). 
Let us write the relation linking the gauge current and the Goldstone 


boson state as 
(OLJE |a(k)) = —iF R*, (21.62) 


multiple absorptions and emissions of massive vector bosons, see M. S. Chanowitz and 
M. K. Gaillard, Nucl. Phys. B261, 379 (1985). 
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as in Eq. (20.46). Then the argument leading to Eq. (20.56) tells us that the 
gauge boson mass is given by 
m = gF, (21.63) 


where g is the gauge boson coupling constant. 
With these identifications, we can write the Ward identity that follows 
from the conservation of the gauge current: 


k, (JH) = 0, (21.64) 


between on-shell states. Writing each term shown in (21.61) in terms of the 
appropriate one-particle-irredicible vertex function, we find 


k T” (k) + ky (igFk") ork) =0. (21.65) 


Thus, 
k T” (k) = mI (k). (21.66) 


Now use this equation in the limit of large gauge boson momentum. Since the 
gauge boson vertex is one-particle-irreducible, the momenta of propagators 
inside the vertex are not, in general, collinear with k”. Then, according to 
(21.60), we may replace k#/m by the longitudinal polarization vector. Notice 
that this would not be permissible (but, also, is not necessary) in the second 
term of (21.65). Our final result is 


cLu(k)T" (k) = (hk) (21.67) 


bj 


as k — oo, with an error of order m? /k?. That is, in the high-energy limit, 
the couplings of longitudinal gauge bosons become precisely those of their 
associated Goldstone bosons. 

The equivalence theorem can be derived in another way, using the count- 
ing of physical states in spontaneously broken gauge theories, which we dis- 
cussed below Eq. (21.26). In the previous section, we saw that, at least at 
the tree level, unitarity is maintained in spontaneously broken gauge theories 
by the cancellation of diagrams that produce timelike-polarized gauge bosons 
against diagrams that produce Goldstone bosons. 

The situation is most clear in Feynman-‘t Hooft gauge. There, the nu- 
merator of the gauge boson propagator is —g/”. We can write this in terms 
of polarization vectors as 


-g= S> di(k)el*(k) 


i=1,2,3 


k” k” 
-r 


(21.68) 


The last term is the contribution from unphysical timelike polarization states. 
The unitarity of the S-matrix requires that, when a Cutkosky cut through a 
diagram puts a gauge boson propagator on-shell, the contribution of this piece 
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Figure 21.4. Decay of a t quark into WT + b. 


must be canceled by a Cutkosky cut that runs through a Goldstone boson line. 
The required cancellation is 


-žere + Ir]? =0, (21.69) 


or, diagrammatically, 


Once again, since T” (k) is a one-particle-irreducible vertex, we can use (21.60) 
to replace (k#/m) by the longitudinal polarization vector eř (k) for a high- 
energy gauge boson. Then (21.69) becomes just the square of (21.67). 

Through these formal arguments, we can see, at least to the tree level 
in processes with single gauge boson emission, that the equivalence theorem 
must be valid. However, it is much more illuminating to see the equivalence 
theorem at work in explicit calculations for interesting physical processes. We 
will now illustrate its influence in two examples. 


(—1) 


Top Quark Decay 


The first example is the weak decay of the top quark. This charge +2/3 quark 
is sufficiently heavy that it can decay to a real Wt through t — Wt +b. The 
diagram for this decay is given by the simple gauge vertex shown in Fig. 21.4. 

Let us first try to guess the magnitude of the top quark width. The squared 
matrix element will contain a factor of g?, times some expression with dimen- 
sions of mass. Since the width should be large if the top quark mass is heavy, 


a first guess might be 
2 


Tx Tm (21.70) 


The correct expression, however, turns out to be enhanced by a factor of 
(mi/Mmw ) 2 . 
The amplitude for this decay can be read from Eq. (20.80): 


. ig = H 1-7 * 
iM = yan (= Jupe). (21.71) 
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(We set the relevant CKM factor equal to 1.) We will now turn this amplitude 
into an expression for the decay rate of the top quark. For simplicity, we will 
ignore the mass of the b quark in this computation. 

Squaring the amplitude in (21.71) according to our standard methods, 
and then eens over initial and summing over final spins, we find 


5 30 [MP = © gp" +q°p'—gi’q-p] So et(kjev(k). (21.72) 
spins polarizations 


We can sum explicitly over physical gauge boson polarizations by inserting 
the expression (21.26) for the polarization sum. This gives 


1 2 g’ Hyt V hH HY kakv 
45M] = 5 lap +g" -g qp) [gu + —* | 


2 
spins w 


; (21.73) 
k-q\(k- 
-Z fa p2 a Py, 
2 Mi 
For mẹ = 0, 
2q:-p=2g-k=mi—miy, 2k-p=m?+miy. (21.74) 
Then z > 
5 >. MP = © mi AN Ey (ia), (21.75) 
spins me ms 
After multiplying by phase space, we find 
2 m3 2.9 2 
g Mm; My My 
r= (1 (14228), 21.7 
64r me, m? t me (21.76) 


This is larger than our initial estimate (21.70) by a factor (m:/mwy)?. 
It is not difficult to find the origin of this enhancement, by using the Gold- 
stone boson equivalence theorem. In the gauge theory of weak interactions, 
the top quark obtains its mass from its coupling to the Higgs sector. The re- 
lation between the top-Higgs coupling A; and the top quark mass is written 
in Eq. (20.103). The top quark can be heavy only if à; is large. But then the 
amplitude for the top quark to decay to a Goldstone boson will be enhanced 

above (21.70) by the factor 
A? _ m? 


ge my’ 


(21.77) 


which is in fact the enhancement we found in (21.76). 

To make the comparison more precise, we will now compute the prediction 
of the equivalence theorem for the top quark decay rate into a longitudinally 
polarized WT boson. Recall from (20.101) that the term in the weak interac- 
tion Lagrangian that couples ¢ and b to the Higgs field is 


AL=—de"Q,, ltr + h.c. (21.78) 
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Figure 21.5. Decay of a t quark into a Goldstone boson and a b quark. 


Decompose the Higgs field as in (21.38), and write 


1 
+ 14742 
= — Eip’). 21.79 
d al? $°) (21.79) 
These are the fields of the charged Goldstone bosons that are eaten by the 
W=. Including the Goldstone boson in the theory adds a process t > 7 +b, 
shown in Fig. 21.5. This process is mediated by the Lagrangian term 


AL = MbLO tr, (21.80) 
which leads to the decay amplitude 
iM = inata)(*)u(r. (21.81) 
From this expression, we easily find 
50 IM)? =A a-p. (21.82) 
spins 


If we now ignore the mass of the Goldstone boson, or, equivalently, consider 
the limit m; >> my, we find for the top quark decay rate 


A2 g? m3 
T=— = t 21.83 
Bont Gdn miy” (21.83) 


in agreement with the leading term of (21.76) in this limit. Our results imply 
that only the production of the longitudinal polarization state of the W* is 
enhanced; this is easily checked directly by substituting explicit polarization 
vectors into (21.72). 

In our derivation of (21.76), we summed over the physical polarization 
states of the emitted Wt; one might say that we used the prescription of 
the U gauge to sum over polarizations. We could equally well have used the 
prescription of Feynman-‘t Hooft gauge, replacing 


So ike (k) > — our, (21.84) 

i 
and also adding the contribution of the Goldstone boson emission diagram, 
treating the Goldstone boson as a massive particle with mass mw. With these 
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prescriptions, the gauge boson matrix element gives 


2 


2 
1 E MP = Fap) = Sm? - mip). (21.85) 


spins 


The Goldstone boson emission diagram gives 
40 MP =A q p= ——E(m? — mi). (21.86) 
w 


The sum of these contributions indeed reproduces (21.75) and thus gives the 
same result (21.76) for the total decay rate. In Feynman-‘t Hooft gauge, the 
enhancement due to the large coupling of the top quark to the Higgs sector 
shows up explicitly in the Goldstone boson emission contributions to the total 
rate of Wt production. 


ete — WtW- 


Our second example is more complicated, but also contains more interesting 
physics. This is the reaction ete” — WtW-. In this reaction, the equiv- 
alence theorem does not lead to an enhancement of the cross section, but, 
rather, directs a cancellation between Feynman diagrams. As we will see, this 
cancellation is essential for the internal consistency of the theory. 

In Problem 9.1, we computed the cross section for ete~ annihilation into 
a pair of charged scalar particles, as in Fig. 21.6(a), and found the result 


o Ta? 

Eee => t7) = — (21.87) 
at energies much larger than the scalar mass. Just as for ete~ annihilation to 
fermion pairs, this cross section falls as 1/s at high energy. It can be shown 
that this behavior is required by unitarity: Since the electron and positron 
annihilate through a pointlike vertex, the annihilation takes place in only one 
partial wave. Unitarity puts a limit on the amplitude in this partial wave, 
requiring that M be bounded by a constant, and thus that o be bounded by 
1/s at high energy.* 

The same unitarity argument applies to e*e~ annihilation to vector 
bosons. Here, however, it is much less obvious that Feynman diagrams ac- 
tually produce a cross section consistent with unitarity. Consider the con- 
tribution of Fig. 21.6(b). We would expect that the square of this diagram 
should contain a contribution to the cross section of the form of the scalar 
contribution (21.87) multiplied by the dot product of polarization vectors: 


do , 4 _ tu Ta? 2 
Teos © e WWT) ~ Pr le(k+) - e(k-) 


, (21.88) 


*Partial-wave analysis for relativistic collisions is discussed in Perkins (1987), 
Chapter 4. 
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Figure 21.6. Electron-positron annihilation through a virtual photon (a) to 
charged scalar bosons, (b) to W bosons. 


where k and k_ are the momenta of the outgoing W bosons. For transversely 
polarized W bosons, this term is well behaved, but for longitudinally polarized 
W’s it leads to problems. Using the approximation (21.60) for the longitudinal 
polarization vectors, we find 


aa RR S 


k) e(k_ 
e( +) e( ) my, > ima 


(21.89) 
for s > m#?,. This leads to a cross section that grows much faster than is 
allowed by unitarity. In principle, the cross section could be brought back down 
to a proper behavior by the addition of contributions from higher orders in 
perturbation theory, but this would be a most unpleasant resolution. It would 
imply that the theory of W bosons becomes strongly coupled at energies such 


that 
2 


in ~ (EY, (21.90) 


corresponding to center-of-mass energies of order 1000 GeV. But if the theory 
of W bosons is strongly coupled at short distances, it is hard to understand 
why, at large distances, it should become the simple, weak-coupling theory 
that we observe. 

Fortunately, there is another possible resolution of this problem. In the 
weak interaction gauge theory, there are three Feynman diagrams that con- 
tribute to the amplitude for ete” — WtW7T at the tree level; these are 
shown in Fig. 21.7. Each diagram separately produces a cross section that 
grows in the same manner as (21.88). However, it is possible that the badly 
behaved terms might cancel among the three diagrams, leaving a more proper 
high-energy behavior. If this miraculous cancellation were to occur, it would 
allow the theory of W bosons to be consistently weakly coupled up to very 
high energies. 

Although such a cancellation seems unlikely at first sight, it is actually 
required by the Goldstone boson equivalence theorem. The theorem states 
that, at high energy, the cross section for producing longitudinal W bosons 
should be equal to the cross section for producing the corresponding scalar 
Goldstone bosons. But we know that scalar cross sections behave as 1/s, as 
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Figure 21.7. Diagrams contributing to e+e — WtW7 in the weak inter- 
action gauge theory. 


indicated in (21.87). Thus, somehow, the gauge boson cross section must also 
conspire to produce this result. We will now show this explicitly. We will see 
that the required cancellations are directed by the Ward identities of the gauge 
theory. 

To prepare for this calculation, we need the Feynman rules for the vertices 
shown in Fig. 21.8. The Feynman rules for the couplings of the electron to W, 
Z, and y can be read directly from (20.80). The relative strengths of these 
couplings are determined by the SU(2) x U(1) quantum numbers of the left- 
and right-handed components of the electron. It is equally straightforward to 
construct the couplings of the Goldstone bosons to Z and y. Since the boson 
¢* has electric charge 1, the photon coupling is just that found in Problem 9.1. 
The Z coupling is determined with the additional information that the ¢* has 
I? = +1/2. All of these expressions are shown in Fig. 21.8. 

The three-gauge-boson vertices that appear in Fig. 21.7 arise from the 
cubic terms in the gauge field action. Since the U(1) field strength is linear in 
gauge fields, these come only from the kinetic term of the SU(2) gauge field. 
To identify the specific pieces we need, we must rewrite this cubic term in the 
basis of mass eigenstates given by (20.63) and (20.64). This can be done as 
follows: 


—1(Fe 2 _, —1(0,A% _ Ə, AS) get AM? Are 
= ~9(O, A; — OVAL )AM A? + gO, Az — 8, Az) AM AY 
— 9(0, A) — 3AP) AM AY? 
= ig|(0,.W? — OW T)W' A — (0,W, = o.W)wet A 
+ 3(0,A3 — 0, AS (WHT WY — We), (21.91) 
Finally, inserting A? = cos@,,Z, + sin@,A, and g = e/sin 0w, we find the 


Feynman rules shown in Fig. 21.9. 
Before examining the amplitude for ete~ annihilation to vector boson 
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Figure 21.8. Feynman rules of the weak-interaction gauge theory for elec- 
trons and scalars coupling to photons and Z bosons. 
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Figure 21.9. Feynman rules of the weak-interaction gauge theory for WW y 
and WWZ vertices. 


pairs, we will first work out the amplitude for production of a pair of charged 
scalars. The equivalence theorem predicts that the amplitude for production 
of two longitudinal W bosons should become equal to this amplitude at high 
energy. Assembling vertices from Fig. 21.8, we find that, for an electron of 


either helicity, the amplitude to annihilate to scalars through a virtual photon 
is 


1 
iM(ee > ¥* — ọtọ) = iO Ua (k4 — k)“, (21.92) 


where k}, k— are the momenta of the scalars and q = k, + k_. The cor- 
responding amplitude for annihilation through a virtual Z? depends on the 
ete™ helicities. Adding these contributions to the preceding expression, we 
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find 
(4-sin? 0e)? 1 
q? sin? ĝu cos? 6,, g2—m?, 
1 (4-sin?@,) 1 
-27 2 
iM(enet > 797) = ie? tRyUR È cos 0, zz] (ky —k_)*. 
(21.93) 


Notice that, in the high-energy limit, the amplitude for the annihilation of 
right-handed electrons cancels down to 


iM(epen > O76") = ibru Je k)", 


. — _ 0 e 1 
iM(epet —> oto ) —> Joost 05 PetrR a (e+ ~ k)“, (21.94) 


which is just the amplitude for an ep, with Y = —1, to couple to a ¢t, 
with Y = 1/2, through the U(1) gauge boson B, with coupling constant 
g = e/cos@y. This expression reflects the fact that the er has no direct 
coupling to the SU(2) gauge bosons. Similarly, the amplitude for left-handed 


electrons tends to 


1 1 1 
2 - 
iMlereh > O°") > id Tag Tento, | OME ga lhe — E-o)" 
(21.95) 


in the high-energy limit. This has the structure of a coherent sum of ampli- 
tudes with B,, and AS exchange. In just the way that we saw in Chapter 11, 
the symmetry structure of a gauge theory with spontaneously broken symme- 
try is recovered in the high-energy limit. 

Now let us compare these results to a direct calculation of the WtW- 
production amplitude in the weak interaction gauge theory. Begin with the 
case of an initial ep. Since the coupling of the electron to the W7 is purely 
left-handed, the third diagram of Fig. 21.7 vanishes in this case, so the com- 
putation is a bit easier. The first two diagrams of Fig. 21.7 have exactly the 
same structure and sum to 


tesin@,, —i tecosy 


cos w g?—m2 sin Oy 


[0 (k-k) + g% (—g-k-)* + (kg +9)" eh (bet lk). 
(21.96) 
This equation is valid in any of the Rẹ gauges, since, if we ignore the electron 
mass, 


iM(ezet > WWT) = tpy,ur| (—ie) = (ie) + 


QoryuR = 0. (21.97) 


The second line of Eq. (21.96) contains the enhancement for longitudinal 
W bosons mentioned above. If we approximate the longitudinal polarization 
vectors by (21.60) and drop terms that do not grow as s — ov, this line 
becomes 

v à Av à kyu kv 
[9" (k= — k4)ò + g9™(—q — k)" + (ky +4) ] 2 


mw my 
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1 
=F [ky -k(k-—ky)* — 2k_-ky kA + 2k, -k_kA] + O(1)-(k--k4.)* 
WwW 
S 
WwW 


On the other hand, the expression in brackets in the first line of (21.96) cancels 
almost completely, to 


1 1 me 

. 2( ) 2 Z 

ie = +ie* — 4. 
ge -m q?(q? — m?) 


Using both of these simplifications, we find 


S 
—> (kp —k_)*. (21.99) 
2m2., 


2 
iM(epet => WLW, ) = dryaur (ie?) | 
By inserting the relation my = mzcos@w, we see that this amplitude is 
identical to (21.94), as required by the equivalence theorem. 

For the amplitude with an initial ez , the computation is somewhat more 
involved. Now all three diagrams of Fig. 21.7 contribute, and since the last 
diagram has a different kinematic structure, it will be less clear how the dia- 
grams combine together. In what follows, we will demonstrate the cancellation 
of the unitarity-violating enhanced terms, and we will indicate how the terms 
one order smaller in m?,/s assemble into the correct structure. However, we 
will not account rigorously for all of these smaller terms. The full calculation 
of these diagrams is the subject of Problem 21.2. 

For the case of an initial ez, the first two diagrams of Fig. 21.7 sum to 
the oxprossion 


. + 2 . . 
ie(—$+sin? Oy) —i iecosOy 


sin fw cosy g?—m% sin A, 


ovat, 
= BLYUL (—te) (ie) + 


k4)? +g (gk)! + Py +a) Je ker(k), 

(21.100) 

which differs from (21.96) only in the coupling of the electron to the virtual 

Z°. For longitudinal W bosons, we can simplify this expression as we did 
(21.96), obtaining 


Wr wt 2 1 1 
_ . 2 mz 
1,2 = vryaur(ie*) (sm) 3 


sr (kk). 
s(s—m2)  2sin? bu s—mz, Sind, ( +k) 


(21.101) 
The second term in brackets is a potentially dangerous contribution, which 
must be canceled by the diagram with f-channel neutrino exchange. This 
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diagram has the value 


WwW, wt 
-= (EY orr EE Olak), (21.102) 


V (£ — E 


where £ is the initial electron momentum. Approximating the longitudinal 
polarization vectors as before, we have 


wr wW 
= —? g Vb 


hy Yh) K 
k_)2 


waa (ba uz(é). (21.103) 


Now we manipulate this expression as if we were proving a Ward identity. 
Using the fact that uz(£) satisfies the Dirac equation, 


(V— H_)K_ur(0) =- K_)Pur (0) =—(€-k-)?ur(Q, (21.104) 


expression (21.103) reduces to 
=i Lt, uz (0). (21.105) 
2 `m 


Finally, using Eq. (21.97), we can rewrite this expression as 


"a g e 
= ie? Bryut(l)(ky — k)’. (21.106) 


e 
Pi Y \ 2sin? 6, 2mz2, 


This term cancels the dangerous high-energy behavior of (21.101). To see 
that the sum of diagrams has the correct high-energy limit, however, the 
approximations that we have used are not quite adequate. In particular, the 
correction to relation (21.60) for the polarization vectors is of order m? /s 
and must be taken into account. When all of the corrections of order m2, /s 
are included, it turns out that the sum of the s-channel diagrams (21.101) is 
unchanged, while the expression for the neutrino exchange diagram (21.106) 
is multiplied by the factor (1 + 2m2,/s). Then the sum of all three diagrams 
gives 


. 7 7 a 1 
iM(ezeh > WIWE) = ie? tryaur (ky — k_)*— 
1 1 + 1 
2cos? 0y 4cos?6, sin? ĝu  2sin? bul 


(21.107) 


The middle term in brackets cancels half of each of the other two terms, to 
give an expression that agrees precisely with Eq. (21.95). 
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Figure 21.10. The differential cross section for ezek — WtW-, in units 
of R (Eq. (5.15)), at Ecm = 1000 GeV. The various curves show the contri- 
butions to the total from individual helicity states of W7 and WT; these are 
denoted (h_,h4), where each helicity takes the values (+, —, 0). The contri- 
butions from the (+, +) and (—, —) states are too small to be visible. Notice 
that both the Wz wr cross section, denoted (0,0), and the (+,—) cross 
section become proportional to sin? 6 at very high energy. 


The calculation of Problem 21.2 gives for the complete annihilation am- 
plitude 

1 

iM(epep WE WF) = ie?Ory.uL(ky — k_)*— 


1 s ( mi, n 1) 4 2 
2sin? bw s= mz \2me, GP (21.108) 
8miy mz (tm) 
s8?(1+?—28 cos 0) my \ s—mz J) 

where 8 = (1 — 4m?,,/s)'/? is the W boson velocity. The high-energy limit 
of this expression indeed reproduces (21.107). The contributions to the dif- 
ferential cross section for ez e$ — WtW- from this and the other possible 
helicity states are plotted in Fig. 21.10. 

These cancellations among the diagrams of Fig. 21.7 occur by virtue of 
the Ward identities of the gauge theory. That is, they occur only because 
the theory has an underlying local gauge invariance. At the beginning of our 
discussion, we argued that these cancellations are necessary to insure that 
the theory remains, in a consistent way, weakly coupled up to arbitrarily 
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high energy. In Section 20.1, we showed that one can generate masses for 
vector bosons by spontaneously breaking local gauge invariance. We have now 
argued the converse of that result: that the only theories of massive vector 
bosons that do not have violent high-energy behavior are those that result 
from spontaneously broken gauge theories.t 


21.3 One-Loop Corrections to the Weak-Interaction 
Gauge Theory 


The final topic in our study of spontaneously broken gauge theories is the 
computation of one-loop corrections in the weak-interaction gauge theory. 
As we discussed in Section 20.2, tree-level diagrams produce a number of 
intricate predictions for the couplings of the Z° and the cross sections for 
neutral current reactions. In general, these predictions are modified by the 
effects of one-loop diagrams. In this section we will study some examples of 
these one-loop corrections. 

As in any renormalizable field theory, the one-loop diagrams of the elec- 
troweak gauge theory are typically ultraviolet divergent. These divergences 
can be absorbed by adjusting the underlying parameters of the theory. These 
adjustments define a set of counterterms which, by renormalizability, render 
the full set of one-loop diagrams of the theory finite. Those amplitudes that 
are not adjusted by hand then become predictions of the theory. 

In Chapter 11, we saw that this general procedure, which applies to any 
renormalizable field theory, gives especially rich information when applied to a 
theory with spontaneous symmetry breaking. In a theory with spontaneously 
broken symmetry, the amplitudes of the theory vary markedly for different 
particles in the same multiplet of the original symmetry. However, the coun- 
terterms of the theory respect the symmetry relations. Thus, the adjustment 
of an amplitude for one particle leads to definite predictions for other particles 
that are not related by any manifest symmetry. 


Theoretical Orientation, and a Specific Problem 


At the end of Section 11.6, we presented a useful framework for organizing 
calculations of the predictions of renormalizable theories with spontaneous 
symmetry breaking. We defined a zeroth-order natural relation to be a rela- 
tion among observable quantities in the theory that is true for any values of 
the parameters in the Lagrangian. Since the counterterms of the theory shift 
the values of the underlying parameters without adding new terms, a zeroth- 
order natural relation will not be corrected by these counterterms. Thus, if the 
theory is renormalizable, the one-loop corrections to a zeroth-order natural 


This statement is proved systematically in the paper of Cornwall, Levin, and 
Tiktopoulos cited at the beginning of this section. 
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relation will be finite, and will in fact be definite predictions from the quan- 
tum structure of the field theory. Though we discussed this idea originally in 
theories with spontaneously broken global symmetry, it applies equally well 
to theories with spontaneously broken gauge symmetry. In this section, we 
will apply this idea to derive finite one-loop corrections to relations in the 
weak-interaction gauge theory. 

It is easy to find zeroth-order natural relations in the electroweak theory. 
The leading-order predictions given in Section 20.2 involve a relatively small 
number of free parameters. Many of these predictions are made for energies at 
which the quark and lepton masses can be ignored; then they depend only on 
the coupling constants g and g’ and the vacuum expectation value v, which 
sets the scale of spontaneous symmetry breaking. The remaining ingredients 
of the weak-interaction theory are given in terms of these parameters; for 


example, 
mw = 95, mz = VP +975, 
! Gr g 1 (21.109) 


gg 
E= JPF VA mp D0 
Even in this set of quantities, we have four relations that depend on three 
underlying parameters, so there is one relation of observable quantities that 
is independent of the parameters of the Lagrangian. 

Since many of the predictions of the weak interaction gauge theory are 
determined by the parameter sin? @,,, it is useful to define sin? 0, in terms 
of observables and then use this definition as a basis for constructing natural 
relations. In our discussion of the precision tests of electroweak theory in 
Section 20.2, we used the definition 


sy =1-—¥ (21.110) 


as a standard for comparison of different experiments. But since the three 
most accurately known weak-interaction observables are a, Gr, and mz, it is 
useful to construct another physical definition of sin? @,, based on these three 
quantities. Define ĝo such that 


1/2 
Aros ) , (21.111) 


V2G pm2, 


where a, is the running coupling constant of QED evaluated at the scale Q? = 
m? . The renormalization group insists that it is the value of the electric charge 
at the weak-interaction scale that enters precision electroweak predictions, 
and this observation is confirmed by summing radiative correction diagrams 
involving light quarks and leptons. The current best values of the quantities 
in Eq. (21.111) give 


sin 26) = ( 


s? = sin? 0) = 0.2307 + 0.0005. (21.112) 
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Thus, this quantity provides a very accurate standard of reference. 

Once Eq. (21.111) is taken to define a reference value of sin? 6,,, the 
equations of Section 20.2 that connect sin? 6,, to other observables become 
zeroth-order natural relations. For example, the tree-level equations 


my = cos? 0 p= G — sin” 0u)? = (sin? Pro)” (21.113) 
mz, w>? LR (5 — sin? 6,,)? + (sin? 0u)? 


are natural relations linking four observables of the weak interactions. The 
corrections to these relations will be well-defined predictions of the theory. 

In principle, we could now compute all of the one-loop diagrams that 
correct the parameters mw, mz, Gr, a, and Af p. However, this is a very 
complicated exercise, requiring an extensive technical apparatus.? In this sec- 
tion we will focus on radiative corrections from one simple source that can 
be considered independently. Aside from the question of anomalies, the elec- 
troweak theory does not restrict the number of quark or lepton generations. 
Thus, it is sensible, and gauge invariant, to compute the one-loop corrections 
due to one quark or lepton doublet. For definiteness, we consider the effects 
of the (t, b) quark doublet. 

By focusing on the radiative corrections due to heavy quarks, we dramat- 
ically simplify the calculational task before us. The various observables of the 
weak-interaction gauge theory are extracted from the measurement of scatter- 
ing amplitudes with light fermions, leptons or quarks, in the initial and final 
states. For example, Gr is measured from the strength of a low-energy weak- 
interaction process, usually chosen to be the rate of muon decay: y > vye De. 
For any such process, there are one-loop corrections of many kinds, as shown 
in Fig. 21.11. In addition to corrections to the vector boson propagator, there 
are vertex corrections, box diagrams, and diagrams with real photon emis- 
sion. In general, the contributions of the various classes of diagrams are not 
gauge invariant; rather, gauge invariance results from cancellations between 
the classes of diagrams in Fig. 21.11(b), (c), and (d). However, since heavy 
quarks do not couple directly to the light leptons, the (t, b) doublet contributes 
only the single diagram shown in Fig. 21.11(f), which must be gauge invariant 
by itself. This same conclusion applies to the (t, b) correction to other leptonic 
weak interaction processes. If we ignore the CKM angles that mix the t and b 
with other species, the conclusion extends also to weak-interaction processes 
involving light quarks. 

A similar situation occurs with other species of particles, such as those 
of the Higgs sector. The coupling of Higgs sector particles to a light quark 
or lepton is proportional to the fermion’s mass, which we can often ignore. 
Thus the most important contributions from Higgs-sector particles are prop- 
agator corrections. The case in which the spontaneous symmetry breaking is 
produced by a single scalar field ¢ is particularly straightforward to analyze; 


tA detailed theoretical discussion of one-loop corrections to the electroweak theory 
can be found in W. Hollik, Fortscr. d. Physik 38, 165 (1990). 
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Figure 21.11. Examples of radiative corrections to u decay in the weak in- 
teraction gauge theory: (a) lowest-order diagram; (b) propagator corrections; 
(c) vertex diagrams; (d) box diagrams; (e) real photon corrections; (f) the 
contribution of the (¢, b) doublet. 


this is done in Problem 21.4. Loop corrections from particles that do not cou- 
ple directly to the external fermions are often termed oblique, since they enter 
the low-energy weak interactions only indirectly. 


Influence of Heavy Quark Corrections 


Our task, then, is to compute the corrections to relations (21.113) due to 
the (t,b) doublet. These two relations depend on five observable quantities— 
mz, mw, Á$ p, a, and Gr—with the last two parameters entering through 
uy and Eq. (21.111). We will express these five quantities as functions of the 
bare parameters g, g’, and v, with corrections proportional to combinations of 
t and b vacuum polarization diagrams. The zeroth-order terms will naturally 
cancel out when we compute the corrections to the relations (21.113). 

The loop amplitudes that we require are shown in Fig. 21.12. To deal 
with these contributions most straightforwardly, we introduce a uniform no- 
tation for vacuum polarization amplitudes. Denote the vacuum polarization 
amplitude involving the gauge bosons J and J as 


aa = iI" (q), (21.114) 


where I and J may be y, W, or Z. When the gauge bosons are massive, 
the vacuum polarization amplitudes need not be transverse by themselves, so 
T1#(q) need not vanish at q? = 0. Thus, we will change our notation from the 


piv 


case of QED and write the decomposition of II (q) into tensor structures as 


174 (9) = Mrl) — AP. (21.115) 
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Figure 21.12. One-loop corrections from t and b to weak-interaction ob- 
servables: (a) mz; (b) mw; (c) a; (d) Gr; (e) Af p- 


In all of the examples to follow, the factors q” will dot into currents of light 
leptons, to give zero as in Eq. (21.97). Thus the form factor A(q?) will drop 
out of our calculations. Our previous result that Tl“”(q) vanishes in QED at 
q? = 0 appears in this formalism as the set of constraints 


T1,,(0) = T,z(0) = 0. (21.116) 


For the other amplitudes, our sign conventions are chosen so that a positive 
value of II;,7(m”) gives a positive mass shift to the gauge boson. Let us also 
define 
all 

/ — Gyr . 
T1,,(0) = dg ; (21.117) 

q?=0 

this is the quantity we called TI(0) in Eq. (7.73). 
Now we use this notation to write the loop corrections to each of the five 
observables. The first two diagrams in Fig. 21.12 are simply mass corrections, 


and so, straightforwardly, 


2 

Vv 
my = (9° + COET + IIzz(m%), 
(21.118) 


2 
mw = PT + Tww (miy). 
Note that both vacuum polarization amplitudes are evaluated at the poles in 
the respective propagators. To evaluate the shift of œ by one-loop corrections, 
we consider the effect of Fig. 21.12(c) on the low-energy Coulomb potential. 
The values of the leading-order propagator and the one-loop correction com- 
bine to give the factors 


3 (1+4T1,,(@?)- Z) (21.119) 
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where, in this equation, e? is given in terms of bare variables as in (21.109). 
Thus, the observed value of a, in the limit q? — 0, is modified according to 
the relation 


pag? 1410, (0)). (21.120) 


In a similar way, the diagrams of Fig. 21.12(d) give a modified strength of 
the 4-fermion weak interaction process that leads to u decay. The leading and 
one-loop diagrams sum to 


2 


g . —i 


Then the effective strength of the weak interaction vertex at q? = 0 is shifted 
as follows: 


5 > Oe me, (21.122) 
Notice that, in the approximation of keeping only oblique corrections, the 
strength of every low-energy weak interaction amplitude is corrected by this 
same factor. 

Finally, the polarization asymmetry ÁÎ p is corrected by a (t, b) loop dia- 
gram according to Fig. 21.12(e). The analogous diagram with an intermediate 
Z? is summed into the Z? propagator and does not affect the form of the ver- 
tex. At zeroth order, the coupling of the Z? to any left- or right-handed light 
fermion is given, according to Eq. (20.71), by 


2 
(Px 9?(T— gr ) (21.123) 
g? +g’? . ` 


The coefficient of Q is the bare value of sin? @,,. The loop diagram in Fig. 
21.12(e) adds to this a contribution 


Gr 1 (1 Twt), 


Mal) - (ieQ). (21.124) 


To discuss asymmetries at the Z° resonance, we set q? = m3. The term 
(21.124) adds to the piece of (21.123) proportional to Q; thus it shifts the 
bare value of sin? @,,. When we include this correction, the Z? coupling takes 


the form 
Vg +g? (T? — s2Q), (21.125) 


where 
a9” e zm?) 
* PHI? Ygp+g? m3 
The asymmetries at the Z? resonance discussed in Section 20.2 are computed 
as ratios of these couplings. Thus, to include the oblique radiative correction 
to Af r for any light fermion species f, we reevaluate formula (20.96), using 
s2 in place of the zeroth-order sin? 6,,. 


* 


(21.126) 
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We might, in fact, say that s2 gives an additional way to define sin? 6,, 
from observable quantities, to be compared to the definitions s%, given in 
(21.110) and sł given in (21.111). Speaking strictly, the value of sin? 6,, de- 
termined by the asymmetries at the Z° depends on the quark or lepton quan- 
tum numbers through vertex corrections that are not included in the analysis 
above. However, these species-dependent corrections are small and can be 
systematically subtracted to define a universal s? that determines the weak 
interaction asymmetries of all fermion species.* 

The three definitions of sin? 6,, all agree at zeroth order but receive differ- 
ent radiative corrections. If we include only the oblique corrections, it is easy 
to produce compact formulae for the three quantities. From (21.126), we have 


g? I z 
s = -y z T Sin A, cos 8, A. (21.127) 
g +g mz 


In the prefactor of the one-loop correction, we can ignore the distinction be- 
tween the bare and renormalized values of sin? 6,,. We can obtain a similar 
expression for si, by taking the ratio of the two formulae in (21.118): 


2 g” 1 2 mMiy 2 
=a -z [| ——,_ I . 21.128 
sw = agy? mA ww(miy) m3 zam?) ) ( ) 


Finally, we can evaluate the oblique corrections to sin? 6) defined by (21.111). 
This is most readily done by writing 669 for the difference between the true 
and the bare value of ĝo, and then expanding (21.111) as follows: 
6Gr m3 

GF m? ‘ 


1 6 
2 cos 26 68 = 5 sin 260| 2 (21.129) 
a 
The shifts of a, Gr, and m3 can be read from (21.120), (21.122), and (21.118). 
Then we can reconstruct 


g? 


g? + g? 
Assembling the pieces and evaluating the coefficients of the vacuum polariza- 
tion diagrams to zeroth order, we obtain 


sin? ĝo = + 2 sin 8 cos O06 Op. (21.130) 


g? 


sin? 6,, cos? 61, 1 1 
cos 6, — sin? 6, TI (0) + ma, "ww (0) - mz za nz) 
(21.131) 
It is not difficult to discover that each of the equations (21.127), (21.128), 
and (21.131) contains ultraviolet divergences. However, if the weak interac- 
tion gauge theory is renormalizable, these divergences should cancel when we 


sin? ĝo = 


*This is explained clearly in D. Kennedy and B. W. Lynn, Nucl. Phys. B322, 1 
(1989). 
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compute the corrections to any zeroth-order natural relation. In the situa- 
tion that we consider, renormalizability implies that the various definitions of 
sin? @,, should differ only by expressions that are ultraviolet-finite. 

We are now almost prepared to check this prediction explicitly. We can 
clarify the structure of the ultraviolet divergences in our relations for the var- 
ious quantities sin? 6, by recasting the vacuum polarization amplitudes to 
make more explicit the quantum numbers to which the gauge bosons cou- 
ple. Recall from Eq. (20.71) that the Z boson couples to the combination of 
SU(2) and electromagnetic quantum numbers (T? — sin? 0,,Q). Similarly, the 
W bosons couple to T*, or, equivalently, to Tt, T?. It is useful to break up 
the vacuum polarization amplitudes into terms that depend on these specific 
quantum numbers. We will also extract the coupling constants indicated in 
(20.71). Thus we replace 


Ty = e*Tlga, 
yz = ( á ) [Tsg — sin? 8u Tga] 
14 ~ \sin 8u cos Qu 3Q TSM Yw], 
e 2 (21.132) 
Ilzz = (zr) [T33 — 2sin? O39 + sin* Owgal, 
ww i w 


e \2 
Iww = ( - ) Thi, 
sin y 
where Q denotes the electric charge and 1,2,3 denote the components of 
weak-interaction SU (2). 

A vacuum polarization amplitude can always be viewed as an expectation 
value of a pair of currents. From this viewpoint, the quantities on the right- 
hand side of (21.132) are expectation values of currents with definite quantum 
numbers. For example, Izz is an expectation value of a pair of SU(2) currents 
J”. Acting on the standard fermions, J is a left-handed current and Jo is 
a vector current. 

The ultraviolet divergences in the expectation values of currents in 
(21.132) have the form 


Iss ~ (A + Bg’) log A’, 
Th ~ (A+ Bq’) log A’, 
Izo ~ (Bq 2) log A?, 
Igogo ~ (Cy? ) log A?. 


(21.133) 


We will demonstrate this explicitly later in this section. However, we can 
understand this structure from the following rough argument: Since the sym- 
metry of the theory should be recovered at large momentum, the amplitudes 
TI33 and I1, which differ only by their orientation in the symmetry space, 
should have the same ultraviolet divergences. The divergence in the slope 
of Iso should be related to that in the slope of TI33 because Q = TI +Y 
and Iy is unimportant asymptotically since tr[{T?Y] = 0. We pointed out 
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in Eq. (21.116) that Iag and Igo vanish at q? = 0; thus they have no q?- 
independent divergences. 

Now we will rewrite the two zeroth-order natural relations in (21.113) in 
such a way that we can apply (21.133). To do this, we take the differences of 
Eqs. (21.127), (21.128), and (21.131) to obtain 


. 2 2 2 

Ow cos bwu ST Tww (0 
s? — sin? 0) = sm ces 5 azz) win II’ (0) 
cos? ĝu — sin“ by mz miy yy 
cos? 6,,, — sin? bu TL,z(mz) 
sin ĝu Cos Âu m? ? 
TI 2 2 TI 2 TI 2 
sy ss ww (my) + Tw zz(mz) + sin 6,, cos 4, Haima) 
mz mz mz mz 
(21.134) 


Inserting (21.132), and also using the relation mw = mz cos 0w in the coeffi- 
cients of terms already of one-loop order, we find after some algebra 


2 
2 an2 g _ € 2) _ 2 
si — sin” ĝo (cos? 0u — sin? gz Tet) Tı (0) TI3q(mz)] 
+ sin? bu cos” A, [Haa(m%) — mo (0)] \, 
2 
e . 
Siy — 82 = an? oam? [M33 (mz) — Thi (my) — sin? ,,Msq(m%)]. 


(21.135) 
If indeed the ultraviolet divergences of the vacuum polarization integrals have 
the structure of (21.133), then the divergent part of each expression in brackets 
in (21.135) vanishes, and the weak interaction gives definite, finite predictions 
for the differences of s2, s%,, and sin? 8o. 


Computation of Vacuum Polarization Amplitudes 


We can verify the divergence structure (21.133) by computing the vacuum 
polarization diagrams for ¢ and b quarks explicitly. Rather than computing 
these one by one, it is easiest to compute, once and for all, the most general 
fermionic vacuum polarization amplitudes, and then to recover the amplitudes 
required in the previous paragraph as special cases of these. 

Consider, then, the two vacuum polarization amplitudes shown in Fig. 
12.13. The diagrams are built from two fermion propagators with different 
masses mı and mg, linked by left- or right-handed currents. We call the vac- 
uum polarization amplitude with two left-handed currents If" (q), and that 
with one left and one right-handed current IT/',(q). Since the vacuum polar- 
izations depend on only one momentum and two vector indices, there is no 
way that they can contain an invariant involving ¢“”??. Thus, the amplitudes 
with other combinations of currents are related to these by 


Treg) = IE We (¢) = ER (¢). (21.136) 
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Figure 21.13. Elementary vacuum polarization amplitudes of fermionic cur- 
rents. 


In addition, there is no difficulty in regularizing these diagrams using dimen- 
sional regularization with an anticommuting y°, the regularization prescrip- 
tion we endorsed at the end of Section 19.4. The vacuum polarization of a 
vector current is reconstructed as 


1z (a) = Urq) + We (9). (21.137) 


The vacuum polarization of purely left-handed currents is given by 


qOr o flor EE 
Ay i m 
TG z ker a 
4 
=- | gatb (K+ WS DE (k2 — m?)((k + q)? — m) 
(21.138) 


The prefactor (—1) comes from the fermion loop. There is no possible tensor 
structure antisymmetric in u and v, so we can now drop the 7° term. From 
here, the calculation proceeds as in Section 7.5. We combine denominators 
using 


1 


1 
dr ——; 21.139 
OF WAVE Fg)? m) “fee (21.139) 
where 
lL=k+zq, A = rm + (1-2)mj — z(1—z)g’. (21.140) 


Then, integrating with dimensional regularization and following the steps 
leading to Eq. (7.90), we find 


© si f, T8) pw 
Or (an)? | de Kaa W CU- (21.141) 


0 
— }(am3 + (1-2)m?)) — z(1-2)g"q"]. 


Notice that both Nf), and its first derivative with respect to q? are logarith- 
mically divergent. 
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The vacuum polarization amplitude TY. can be obtained ina very similar 
LR, 
fashion. From the Feynman rules, 


4 ov [1P iK ma 
Oe Lee wlan (* 3) ee 


5i ma 
: i (H ) Eut a 


Jilo Ee 

=- | = m . 

(2myt O ETON 211 RB = mi) (+a)? = m3) 
(21.142) 

From here, the same manipulations as in the previous paragraph lead to 


1 
2i T(2-$) i u 
Or =~ Gare J I Daa |" mime]. (21.143) 
0 


As a check, we can use (21.141), (21.143), and (21.136), setting mı = mz = m, 
to assemble the QED vacuum polarization of vector currents. We find 


Tga) = e? (Me, + ie + We, + Wee, 


1 
—8ie? T(2-$) 9 „o 1144) 
(4m)4/2 dx Aid (a(1 z)’ g'” — x(1—x)q"q |; 

0 


where now A = m? — x(1—z)q’. This coincides precisely with our result from 
Section 7.5. 

As we argued below (21.115), only the terms in the vacuum polarization 
amplitudes proportional to g“” will enter our expressions for weak-interaction 
radiative corrections. Thus, we can summarize the calculation of the basic 
vacuum polarization amplitudes by quoting the results for this leading form 
factor: 


7 d 
Tr (q*) = Urr(q?) = La fe Ps) [z(1—x)q” 
0 


— 3(2m3 + (1-x)mq)]; 


r _d 
Hira?) = Tare) = -—— foe [mmz]. (21.145) 
0 
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From these terms, we can assemble any desired vacuum polarization of t and b 
quarks in the weak-interaction gauge theory. To make use of these expressions 
more easily, we will expand the quantities (21.145) in the limit d — 4. If we 
set € = 4 — d, the integrands of the expressions above simplify according to 


1 (2-4) 1 r2 
(47) 4/2 Amd? Í (47)? | 7 + log(4m) — log Al. (21.146) 
Let 
2 
E = - — y + log(4r) — log(M?), (21.147) 
€ 


where M is an arbitrary subtraction scale. It is useful to define 


bo(12X) = bo(m{,m3, qx) = | dr log(A(m?, m3, qx)/M?), 


oN 


1 


bi (12X) = bi (mi, m5, qx) = faextog(a (mi, mz, ¢%)/M”), 
0 


ba(12X) = bo(m?, m3, q%) = j dze(1-x)log(A(m?, m3, q%)/M?). 
0 
(21.148) 
The abbreviated notation will prove useful below. In (21.148), X labels a 
momentum scale; we will need qx = 0, mw, mz. Note that for equal masses, 


by (11X) = $89(11X). (21.149) 


With this notation, 


M1 (qx) = a [Ge a(mi +m3)) EB = gbo(12X) (21.150) 
+ $(m5b, (12X) + mibi(21X)) | | 
and 
Tpr(ax) = -a [mimzE — mym2bo(12X)]. (21.151) 


We can now reconstruct all of the specific vacuum polarization amplitudes 
that appear in Eq. (21.135) in terms of divergences proportional to Æ and 
finite parts proportional to the b;. The simplest is the expectation value of 


770 Chapter 21 Quantization of Spontaneously Broken Gauge Theories 


electromagnetic currents, which is given in our present notation by 


Halk) = ~3- Gye [GP GAE - tolt) 


(21.152) 
2 

+ (I GRE - gebo(bbx)) 
The prefactor 3 is the trace over colors. As we expect from QED, (21.152) 
contains a divergence only in a term proportional to g%. The divergent parts 
of the other amplitudes are 


12 
Tls3(qx) = (an)? -ilia ilm? +m) E+, 

12 
T (4k) = Gm? Ligg — lim? + m2)JE+--, (21.153) 


12 
T3q(ax) = Ge RJE +. 


These divergences indeed follow the pattern claimed in Eq. (21.133), and thus 
the predictions of the weak interaction gauge theory given in (21.135) are free 
of ultraviolet divergences. 


The Effect of my 


Using the notation we have developed, we can write the finite parts of the 
relations (21.135) in a compact form. The first relation becomes 


3a 
m(cos? 0 — sin? Ay) 


2 


<7 


s {G = 3)bo(tZ) + (4 = 2)bo(0z) 


sin? Ao = 


- 1 (ZE (tz) — bı (bt0)] + T Toa (6bZ) — bı (tb0)}) 
mz mz 


+ 2sin? 6, cos? Ou (4 [ba(ttZ) — ba(tt0) — m3 b, (tt0)] 


+ 4[b2(bbZ) — ba(bb0) — m3,b4(bb0)]) }. (21.154) 
Similarly, the second relation becomes 
sw -5 = 3a Te l sin? 0,,)bo(ttZ) + (4 — $ sin? 0u )b2(bbZ) 
* asin 6, U7 3 4 6 


— 4 cos? Oyb2(tbW) 


(ZE pitz) — bı (btW)] + TÈ Toa (bbZ) — bı (tbW))) }. 
m mz 


2 (21.155) 

Though it is now straightforward to work out the complete expressions 

for the relations (21.154) and (21.155), we will content ourselves here with 
identifying the most important term in the limit in which the ¢ quark mass 
becomes large. Notice that, in each of these expressions, there are terms with 


1 
4 
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coefficients proportional to m?/m%. These are easiest to understand within 
the simpler combination of vacuum polarization amplitudes 


12 1 
1111 (0) — II33(0) = aap bı (bt0)) + mi, (b1 (bb0) — b, (tb0))| 
= d log TË 4 (1)? log "È 
= Tr x fam? og 72 + + (1-r)m o8 572 
am? + (1-x)m 
— (am? + (1-2)m?) log — “ ) 2) 
1 
O 3 2, um? + (l-r)m? 2 
= -ip fo {om log m + Olm) } 
0 
3 1l 2 2 
= iga me + O(m) (21.156) 


for m; >> my. If my is also much greater than mz, one can find a contri- 
bution proportional to m 2 /m% in each of the relations (21.154), (21.155) by 
replacing the argument q% = m3? with q% = 0, using (21.156), and ignoring 
all other contributions. One can show, by detailed examination of (21.154) 
and (21.155), that this procedure gives the complete leading term in mų. The 
result is 
3a m? 
2 2 t 
s4 — sinf ĝo = +o, 
° 167(cos? bu — sin? bu) MZ 
3a m? 
2 2 t 
8 s= - +- 
wW 167 sin? 6, m3 


(21.157) 


where the omitted terms are of order a with no enhancement. 

The enhancement factor m?/m3, is exactly the one that we found in our 
study of top quark decay in Section 21.2. It reflects the fact that some elec- 
troweak couplings of the top quark are effectively proportional to Az, the top 
quark coupling to the Higgs sector, instead of simply to the weak interaction 
coupling g. 

The complete numerical evaluation of the formulae for s? and s%, is shown 
in Fig. 21.14. To compare the results of this section to experiment, we have 
included, in addition to the top quark effect, the m:-independent one-loop cor- 
rections from loops containing W and Z bosons and light quarks and leptons. 
In the figure, the predictions are compared to the value of s? obtained from 
the measurement of the Z? polarization and forward-backward asymmetries 
and the value of s? obtained from measurement of the W boson mass. 

According to the figure, the weak interaction gauge theory requires the top 
quark mass radiative correction (or a similar radiative correction from some 
other heavy particle) for its consistency with experiment. The top quark is 
predicted to have a mass approximately equal to 170 GeV. A recent analysis 
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Figure 21.14. Dependence of s2 and sty on the top quark mass, for fixed a, 
Gr, mz. The three curves in each group correspond to three different values 
of the Higgs boson mass: 100, 300, 1000 GeV from bottom to top. The curves 
are compared to values of s? and st, taken from the article of Langacker 
and Erler quoted in Table 20.1, and the CDF/D0 value of the top quark mass 
given in Eq. (21.159). 


of all neutral current weak interaction data has given the prediction! 


mi = 169 + 24 GeV. (21.158) 


Just as this book was being completed, the CDF and DO experiments at 
Fermilab announced the observation of the production of top quark pairs in 
proton-antiproton scattering. From kinematic fits to events believed to contain 
top quarks, these experiments reported! 


mM = 180+ 13 GeV. (21.159) 


The discovery of the top quark in just the range required by precision elec- 
troweak measurements is quite remarkable. We can only conclude that, in the 
domain of weak interactions as well as those of electromagnetic, strong, and 
scalar interactions that we have studied earlier, the fluctuations predicted by 
quantum field theory make their imprint on the phenomena of Nature. 


Tp, Langacker and J. Erler, in Review of Particle Properties, Phys. Rev. D50, 
1304 (1994). 


İF. Abe, et. al., Phys. Rev. Lett. 74, 2626 (1995); S. Abachi, et. al., Phys. Rev. 
Lett. 74, 2632 (1995). 
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Problems 


21.1 Weak-interaction contributions to the muon g — 2. The GWS model of 
the weak interactions leads to two new contributions to the anomalous magnetic mo- 
ments of the leptons. Because these contributions are proportional to Gpmi, they are 
extremely small for the electron, but for the muon they might possibly be observable. 
Both contributions are larger than the contribution of the Higgs boson discussed in 
Problem 6.3. 


(a) Consider first the contribution to the muon electromagnetic vertex function that 
involves a W-neutrino loop diagram. In the Rẹ gauges, this diagram is accom- 
panied by diagrams in which W propagators are replaced by propagators for 
Goldstone bosons. Compute the sum of these diagrams in the Feynman-‘t Hooft 
gauge and show that, in the limit my > Mpu, they contribute the following 
term to the anomalous magnetic moment of the muon: 


b) Repeat the calculation of part (a) in a general Re gauge. Show explicitly that 
€ 
the result of part (a) is independent of £. 
c) A second new contribution is that from a Z-muon loop diagram and the corre- 
p uag 


sponding diagram with the Z replaced by a Goldstone boson. Show that these 
diagrams contribute 


Gema f4 8, 16 
ay(Z) = eG 3 in? Oy 3 sin! fw). 


21.2 Complete analysis of ete” — WTW-. 


(a) Using explicit polarization vectors, work out the amplitudes for ete7 — 
Wt+W7 from left- and right-handed electrons to states in which the Wt and 
W have definite helicity. For the cases in which both W bosons have longi- 
tudinal polarization, verify that Eq. (21.99) gives the correct high-energy limit 
for right-handed electrons, and verify the complete expression (21.108) for left- 
handed electrons. For the cases in which one W is longitudinally polarized and 
the second is transversely polarized, show that the individual diagrams give con- 
tributions to the amplitudes that grow like \/s, but that the complete amplitudes 


fall as 1/,/s. 


(b) Show that the contributions to erek — WW? found in part (a) reproduce 
Fig. 21.10, and that the differential cross section for eret — W-W7 is about 
30 times smaller. How many of the qualitative features of the figure can you 
understand physically? 


21.3 Cross section for du — W` ~y. Compute the amplitudes for du — W 7+ 
for the various possible initial and final helicities. Ignore the quark masses. In this 
approximation, only the annihilation amplitude from dztip is nonzero. Show that the 
scattering amplitudes for all final helicity combinations vanish at cos@ = —1/3, where 
0 is the scattering angle in the center-of-mass system. Compute the differential cross 
section as a function of cos@. 
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(a) 


(b) 


(c) 
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Dependence of radiative corrections on the Higgs boson mass. 


Consider the contributions to weak-interaction radiative corrections involving 
the physical Higgs boson A? of the GWS model. The couplings of the h? were 
discussed near the end of Section 20.2. Show that, if we ignore terms proportional 
to the masses of light fermions, the Higgs boson contributes one-loop corrections 
to the processes considered in Section 21.3 only through vacuum polarization 
diagrams. It follows that the contributions to vacuum polarization amplitudes 
that depend on the Higgs boson mass are gauge invariant. 

Draw the vacuum polarization diagrams in Feynman-‘t Hooft gauge that involve 
the Higgs boson, and compute the dependence of the various vacuum polarization 
amplitudes on the Higgs boson mass mp. 


Show that, for mp, > my, the natural relations discussed in Section 21.3 receive 
corrections 


1+9sin? 6 m 
2 2 a - (1+ 9sin w) Nog n, 
cos? 6,4 — sin? Oy, 48x me, 
2 
5 m 
2 2 h 
8 sy =a lo . 
wo" 24r 8 m2, 


The effect of varying mp is displayed in Fig. 21.14 and is included as a theoretical 
uncertainty in the prediction (21.158). More accurate experiments might allow 
one to predict mp from its effect on electroweak radiative corrections. 


Final Project 


Decays of the Higgs Boson 


At the end of Section 20.2, we discussed the mystery of the origin of sponta- 
neous symmetry breaking in the weak interactions. The simplest hypothesis 
is that the SU(2) x U(1) gauge symmetry of the weak interactions is broken 
by the expectation value of a two-component scalar field ¢. However, since 
we have almost no experimental information about the mechanism of this 
symmetry breaking, many other possibilities can be suggested. 

Eventually, this problem should be resolved by experimental observa- 
tion of the particles associated with the symmetry breaking. To form incisive 
experimental tests, we should compute the properties expected for these par- 
ticles. We saw in Section 20.2 that, if the symmetry is indeed broken by a 
single scalar field ¢, the symmetry-breaking sector contributes only one new 
particle, a scalar h? called the Higgs boson. The mass mp of this particle is 
unknown. However, the couplings of the h? to known fermions and bosons are 
completely determined by the masses of those particles and the weak inter- 
action coupling constants. Thus, it is possible to compute the amplitudes for 
production and decay of the h? in some detail. More complicated models of 
SU(2) x U(1) symmetry breaking typically contain one or more particles that 
share some properties with the h°. Thus, this study is a useful starting point 
for the more general analysis of experimental tests of these models. 

In this Final Project you will compute the amplitudes for the Higgs bo- 
son h? to decay to pairs of quarks, leptons, and gauge bosons. The computa- 
tions beautifully illustrate the working of perturbation theory for non-Abelian 
gauge fields. Those decays of the Higgs boson that involve quarks and gluons 
bring in aspects of QCD. Thus, this exercise reviews all of the important tech- 
nical methods of Part III. Except for a question raised at the end of part (a), 
the problem relies only on material from unstarred sections of Part II. The 
material in Chapter 20 plays an essential role. Material from Chapter 21 en- 
ters the analysis only in parts (b) and (f), and the other parts of the problem 
(except for the final summary in part (h)) do not rely on these. If you have 
studied Section 19.5, you will have some additional insight into the results of 
parts (c) and (f), but this insight is not necessary to work the problem. 


Consider, then, the minimal form of the Glashow-Weinberg-Salam elec- 
troweak theory with one Higgs scalar field ¢. The physical Higgs boson h? of 


775 


776 Final Project 


this theory was discussed in Section 20.2, and we listed there the couplings of 
this particle to quarks, leptons, and gauge bosons. You can now use that in- 
formation to compute the amplitudes for the various possible decays of the h? 
as a function of its mass ma. You will discover that the decay pattern has a 
complicated dependence on the mass of the Higgs boson, with different decay 
modes dominating in different mass ranges. The dependences of the various 
decay rates on Mp illustrate many aspects of the physics of gauge theories 
that we have discussed in Part IIT. 

In working this exercise, you should consider mp as a free parameter. For 
the other parameters of weak-interaction theory, you might use the following 
values: ma = 5 GeV, m; = 175 GeV, mw = 80 GeV, mz = 91 GeV, sin? @,, 
= 0.23, a,(mz) = 0.12. 

(a) Compute first the rate for h? — ff, where f is a quark or lepton of the 
standard model. After a completely trivial computation, you should find 


Pi fF) = (SS) (1 EY net 


8sin?6,,/ my m? 


where N.(f) = 1 for leptons, 3 for quarks. If you have studied Chapter 
18, you might improve this result for the case in which the fermion f 
is a quark, by computing the leading-log QCD corrections for the case 
Mp > Mq. Remember that the quark mass mg is determined at the quark 
threshold M? ~ mi. 

(b) If ma > 2mw, the Higgs boson can decay to WTW if it is just a bit 
heavier, it can also decay to Z°Z°. Compute the decay widths to these 
final states. You can check your result in the following way: If ma > 
my, the dominant contribution to the decay comes from production of 
longitudinally polarized W or Z bosons, and this contribution can be 
estimated at follows: 


T(R? = WtW-) = r(A? > oto), T(R? > 27°2Z°) x T(h? > gg’), 


where ¢*, ¢ are the Goldstone bosons of the Higgs sector and the quan- 
tities on the right-hand sides of these relations are computed in the un- 
gauged Higgs theory. Explain why this statement should be true, and 
verify it explicitly. 

(c) The third important decay mode of the Higgs is the decay to 2 gluons. 
The amplitude for this decay is generated by diagrams involving quark 
loops. Compute these diagrams, using dimensional regularization. The di- 
agrams will be finite, but nevertheless there is a subtle contribution which 
apparently depends on the regulator. Check that you have computed the 
amplitude correctly by verifying that it is gauge invariant. Then square 
the amplitude and construct the decay rate. You should find 


2 2 2 
T(R 2 = (2 pa. Ss | (in 
(a > 29) 8sin?6,,/ my 9r? 2 (ma) 
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(d) 


(f) 


(g) 


(h) 
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where the sum runs over all quark species and I(m? / m?) is a form factor 
with the property that I(x) — 1 as z — 0 and I(x) = 0 as z => œ. 
This property implies that the dominant contribution to the decay rate 
comes from very heavy quarks. You need not evaluate I(x) explicitly at 
this stage; just leave it in the form of a Feynman parameter integral. 


The existence of the process h? — 2g implies the existence of the inverse 
process g +g — h?, which is a mechanism for production of Higgs bosons 
in proton-proton collisions. Using the parton model, derive a relation 
between the partial width [(h° — 2g) and the total cross section for 
pp — h? + X. Compute this cross section numerically (in nanobarns) for 
a 30 GeV Higgs for pp collisions of center of mass energy 1-40 TeV. (1 
TeV = 10° GeV.) For the purposes of this problem set (though this is 
not actually a good approximation) you may ignore the Q? dependence 
of the gluon distribution function and take simply 


fla) =8- "(1-2 


You may also set I(m?/m?) = 1; this is correct to about 10%. 


The final decay mode that you should consider is h? — 2y. Consider first 
the contribution from the loop diagrams involving quarks and leptons. 
Show that the result is simply expressed in terms of the form factor 
I(m?/m?) that you derived in part (c). 

Next, compute the contribution to this decay amplitude from the loop 
diagram involving W bosons, and the various diagrams one must add to 
this to obtain a gauge-invariant result. It is easiest to work in Feynman- 
‘t Hooft gauge. Add this contribution to that of very heavy quarks and 
leptons, each with electric charge Q;. Your result should reduce to the 
following expression in the limit Mma < my: 


amp ) m? 21}? 


2 
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Now work out the detailed behavior of the form factor I(x) defined in part 
(c). Reduce your expression from part (c) to a one-parameter integral, 
then evaluate this integral numerically. Plot I(m?/m?) over the range 50 
GeV < mp < 500 GeV, and compute the decay width T(R? — 2g) numer- 
ically (in keV) over this range. The computation of part (f) introduces 
an addition form factor; compute this function in the same way. 

Finally, put together all the pieces. Find the branching fraction of the 
h? into each of its five major decay modes bb, tt, gg, Wt+W~, Z°Z°, for 
Higgs bosons of mass 50 GeV ~ 500 GeV. 


Chapter 22 


Quantum Field Theory at the Frontier 


In this textbook we have surveyed the most important ideas of quantum field 
theory. Working from the basic concepts that come from fusing relativity, 
quantum mechanics, and fields, we have built an elaborate structure, which 
includes such remarkable elements as coupling constant renormalization and 
non-Abelian gauge fields. We have seen at many points that the strange and 
abstract elements of this structure actually intersect with observation and even 
produce explanations for unexpected aspects of the behavior of elementary 
particles. 

In the course of our study, we have arrived at a complete theory of the 
strong, weak, and electromagnetic interactions of elementary particles. Each 
element of this theory has been described as a quantum field theory, and 
these quantum field theories have turned out to have very similar structure 
as gauge theories coupled to fermions. At various points in our discussion, we 
have noted that these theories have passed stringent quantitative experimental 
tests. We have not had space to describe the wide variety of experiments 
that contribute to our faith in these theories, but today almost all particle 
physicists consider this SU(3) x SU(2) x U(1) gauge theory as established. In 
fact, most of these people refer to this theory condescendingly as ‘the standard 
model’. 

Though the best data to support the standard model have come from 
experiments of the past five years, the ideas behind it are much older. Most 
of the theoretical developments described in this book were concluded in the 
1970s, a generation removed from the current frontier of physics. But this 
does not mean that quantum field theory is irrelevant to that frontier, any 
more than quantum mechanics and electrodynamics have lost their relevance 
after many years of exploration. On the contrary, the theory of elementary 
particles—like other areas of physics that depend on quantum fluctuations in 
continua—still holds deep mysteries, and quantum field theory remains the 
principal tool for exploration of these questions. 

In this final chapter, we will flash forward to the present day and discuss 
the relevance of quantum field theory to current questions in the physics 
of the fundamental interactions. We will present what are, in our view, the 
outstanding unsolved problems of elementary particle physics and describe 
how quantum field theory is being used to confront these problems. Many of 
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these applications involve aspects of quantum field theory that are beyond 
the scope of this book. These include the use of quantum field theory in the 
regime beyond the reach of perturbation theory and the use of quantum field 
theory to explore the special properties of theories with higher spin and local 
symmetry. In these areas our discussion will be mainly qualitative, but we will 
give references that provide points of entry into each of these subjects. 

It should be obvious that our discussion in this final chapter will express 
our personal opinions and by no means represents the consensus of experts 
in quantum field theory. In addition, any collection of ‘current problems’ in 
a rapidly developing area of research should quickly become dated. In fact, 
we hope the readers of this book will quickly make this chapter obsolete by 
solving the problems that we highlight here. 


22.1 Strong Strong Interactions 


One paradoxical aspect of our discussion of the strong interactions is that all 
of our concrete results were obtained by assuming that these interactions are 
weak. At large momentum transfer, we argued, this assumption is actually 
valid due to asymptotic freedom. Still, it is uncomfortable that we have left 
the most obvious questions about strongly interacting particles—for example, 
their masses and low-energy interactions—in a mysterious regime excluded 
from our analysis. 

To work with QCD in the region where the strong interactions are strong, 
we need to answer three questions: First, how do we describe the forces that 
bind quarks together into hadrons? Second, what is an appropriate description 
of the quark-antiquark and three-quark systems bound by those forces? And 
finally, how do we compute scattering amplitudes and matrix elements of 
currents using these bound states? 

At this moment, there is no derivation of the complete force between 
quarks from the QCD Lagrangian. Explicit calculations can be done only 
in the limits of weak and strong coupling. In the weak-coupling limit, the 
result is a Coulomb potential with an asymptotically free coupling constant. 
The strong coupling limit, on the other hand, gives a linear potential which 
confines color in the way that we described, but did not derive, at the end 
of Section 17.1. The derivation of this result is quite unusual and brings in a 
new set of mathematical methods. 

So far in this book, we have not discussed a strong coupling approximation 
to a quantum field theory. There is a simple reason for this: In a quantum 
field theory in which the coupling g? is very large, the elementary particles or 
their bound states typically acquire masses that grow with g?. For g? —> oo, 
these masses become comparable to the cutoff A and the field theory ceases 
to have a local continuum description. 

Wilson proposed to solve this problem in a radical way, by replacing 
spacetime with a lattice of discretely spaced points. Such a lattice is easiest 
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to visualize in Euclidean spacetime, and so we can use a functional integral 
over fields on a lattice to approximate Euclidean Green’s functions. Such a 
theory can have a well-defined strong coupling limit. A theory of this type is 
very similar to a lattice model of a magnetic system. 

In fact, we can understand this construction of a quantum field theory 
by using the concepts of Chapter 13. A lattice theory with fluctuating spin 
variables at each lattice site is described in the large by a quantum field 
theory of scalar fields with the symmetry of the underlying spin variables. 
Typically, the strong-coupling limit of the quantum field theory corresponds 
to the high-temperature limit of the magnet, in which the correlation length 
is much smaller than the lattice spacing. Decreasing the coupling constant 
corresponds to decreasing the temperature. Eventually, the coupling constant 
comes close to a fixed point of the renormalization group, and one can use 
this fixed point to define a limit of the lattice functional integral in which the 
lattice spacing is taken to zero. 

To build a lattice model of the strong interactions, one needs to find a set 
of variables on the discrete lattice that correspond in the large to non-Abelian 
gauge fields. Wilson proposed that the fundamental variables for such a theory 
should be the line elements from one lattice vertex vı to a neighboring vertex 
V2, 


U (v2, 01) = Pexp ig faw age. (22.1) 


To construct the lattice gauge theory with gauge group G, one should inte- 
grate over a finite group transformation U for each link of the lattice. Tak- 
ing a product of these Ọ matrices around a closed path, one can construct 
gauge-invariant observables, just as we did in Section 15.3. An appropriate 
Lagrangian can also be constructed as a sum of gauge-invariant products of 
the U matrices about elementary closed loops of the lattice.* 

In a spin system, the defining property of the high-temperature phase is 
the exponential decay of correlations 


(5(0) - 5œ)) ~ exp[—|x|/€] (22.2) 


as |x| — co. The analogous property of the gauge-invariant correlation func- 
tion of U matrices around a closed path P is 


(I U) ~ exp[—A/e], (22.3) 
= 


where A is the area spanned by the path. This behavior is in fact seen explicitly 
in the expansion of Wilson’s lattice gauge theory for strong coupling. A pair 
of color sources that stand a distance R apart for a Euclidean time T are 
represented by a large rectangular loop of width R and length T. For such a 


*This construction was introduced by K. Wilson, Phys. Rev. D10, 2445 (1974). 
The construction is described pedagogically in M. Creutz, Quarks, Gluons, and Lattices 
(Cambridge University Press, Cambridge, 1983). 
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loop, we can compare the result (22.3) to the expression for the energy of an 
excited state in Euclidean time, 


(exp[-HgT]) ~ exp[—RT/€?]. (22.4) 


Then we see that static sources of gauge charge, in the strong-coupling limit, 
are attracted to one another by a potential energy 


V(R) ~ R/¢? (22.5) 


at sufficiently large R. Similarly, when one introduces dynamical quarks into a 
lattice gauge theory and studies their properties in the strong-coupling limit, 
configurations with large separation of color sources are suppressed in the 
Euclidean functional integral by factors of the form of (22.3). The strong- 
coupling limit then predicts the permanent confinement of quarks into color- 
singlet bound states. 

The argument we have just given applies equally well to gauge theories 
based on Abelian or non-Abelian symmetry groups. But non-Abelian gauge 
theories have the important additional property of asymptotic freedom. In this 
context, that implies that a theory with weak coupling at short distances flows 
to a theory with strong coupling at large distances. If we imagine integrating 
out short-distance degrees of freedom as we described in Section 12.1, and 
if there is no zero of the @ function or other barrier to the renormalization 
group flow, we should eventually arrive at an effective theory for which the 
strong-coupling expansion is a good approximation. Thus, in the particular 
case of non-Abelian gauge theories, asymptotic freedom allows us to connect 
a short-distance picture based on free quarks and gluons to a large-distance 
picture based on color confinement. 

It would be wonderful if the strong-coupling picture that we have de- 
scribed led to mathematical equations in continuum spacetime describing the 
motion of permanently confined quarks and antiquarks. Many authors have 
tried to write such equations by imagining the area suppression of the Wilson 
loop correlation function (22.3) to result from a physical surface that spans the 
loop. For the large rectangular loop associated with color sources, this surface 
can be interpreted physically as the lines of color electric flux that run from 
one source to the other (as in Fig. 17.1), swept out through Euclidean time. 
At one moment of Euclidean time, this surface can be idealized as an abstract 
one-dimensional excitation, often called a string. Unfortunately, the quantum 
properties of an idealized string turn out to be very complicated, since each 
small element of the string must be considered as an independent quantum 
degree of freedom. The only systems of string equations that have actually 
been solved have bizarre features, including unwanted massless particles. Up 
to now, no one has succeeded in writing an equation for the quark-confining 
string that is useful for quantitative calculations of quark bound states.t 


For one approach to color confinement from a picture involving Wilson loops and 
strings, see A. A. Migdal, Phys. Repts. 102, 199 (1983). 
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However, the lattice regularization of a non-Abelian gauge theory suggests 
another approach to quantitative calculations in strong-interaction theory. By 
approximating QCD by a lattice gauge theory with a nonzero lattice spacing 
and a finite spacetime volume, we reduce the functional integral to a finite 
number of bounded integrations, that is, an integral over SU (3) group matri- 
ces for each of the finite number of links in the lattice. A lattice of size, for 
example, 20* allows the lattice spacing to be smaller than the size of a hadron 
while the full size of the lattice is much larger than a hadronic radius. Then 
one can compute correlation functions by evaluating the integrals numerically, 
by the Monte Carlo method. Since the functional integral with a finite lattice 
spacing is related to the original functional integral with zero lattice spacing 
by integrating out short-distance degrees of freedom, the lattice approxima- 
tion can be systematically improved by computing the short-distance effects 
perturbatively, using asymptotic freedom to justify a weak-coupling analysis.+ 

This numerical method has now become the principal theoretical tool for 
quantitative calculations in hadron physics. This method currently gives the 
masses of the low-lying mesons and baryons to accuracies of 10-20%; it also 
allows the calculation of weak interaction matrix elements of hadrons at the 
25% level. As computers become more powerful, this numerical method can 
be pushed to higher accuracy. 

Eventually, it will be interesting to ask whether these nonperturbative 
numerical calculations are consistent with our precision knowledge of the per- 
turbative region of QCD. At the time of this writing, the first such comparison 
has been made: We have listed in Table 17.1 a value of a, from y and Y spec- 
troscopy. In this calculation, the experimentally determined masses of če and 
bb bound states are compared to values computed numerically with lattice reg- 
ularization. The comparison of these values gives the required bare coupling 
constant of the lattice theory, which can be converted to a value of a,(mz) 
in the convention of the table. The resulting estimate for a,(mz) does agree 
reasonably well with purely perturbative determinations. 

What is the future of nonperturbative calculations in hadron physics? On 
the one hand, we expect to see further development of numerical lattice meth- 
ods. These methods have hardly begun to address problems of hadron-hadron 
scattering and multiparticle matrix elements, and this seems an important di- 
rection for the future. In addition, these methods should eventually supply an 
engineering understanding of hadrons at the percent level or better. On the 
other hand, we hope also to see a quantitative continuum approach to hadron 
structure, in which dynamical quarks interact with some appropriate type of 
string degrees of freedom. 


tFor an introduction to numerical lattice gauge theory, see From Actions to An- 
swers, T. DeGrand and D. Toussaint, eds. (World Scientific, Singapore, 1990). 
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22.2 Grand Unification and its Paradoxes 


If we put aside our questions about the low-energy, nonperturbative behavior 
of QCD, the SU(3) x SU(2) x U(1) gauge theory gives an apparently complete 
description of elementary particle interactions at those energies that we have 
probed experimentally. But what happens beyond our current reach? Does 
this theory need modification, or could it continue to be valid at much higher 
energies? 

The SU(3) x SU(2) xU(1) gauge theory contains three independent gauge 
coupling constants, and the observed values of these couplings are larger for 
the larger components of the gauge group. This pattern can be explained by a 
bold hypothesis about the behavior of the gauge couplings at very high energy. 
If at some very large energy scale, these three couplings were equal, the values 
of the SU(3) and SU(2) couplings would increase at smaller momentum scales 
due to their asymptotically free renormalization group equations, while the 
value of the U(1) coupling would decrease, resulting in the observed pattern of 
couplings at low energies. An even bolder hypothesis would be that the three 
gauge symmetries are subgroups of a single large symmetry group, which is 
spontaneously broken at very high energy scales. The simplest choice for this 
larger symmetry is SU(5). In that theory, the coupling constants of SU(3) x 
SU(2) x U(1) have the following relation to the underlying SU(5) coupling at 
the scale of SU(5) breaking: 


5 
95 = 93 =G= Žo. (22.6) 


The idea that the SU (3) x SU (2) x U (1) gauge group is embedded in a larger 
simple group is known as grand unification; the particular choice of SU (5) as 
the unifying group is due to Georgi and Glashow.* The observed quarks and 
leptons can be seen to fit neatly into an anomaly-free chiral representation of 
SU (5); this embedding leads to a natural explanation of the fractional charges 
of quarks.t 

Within this framework, we can extrapolate the values of the three coupling 
constants from the energy scale of mz upward. The result of this extrapolation 
is shown as the solid lines in Fig. 22.1. The coupling constants do come close 
together at very high energies, though they do not actually meet. The dashed 
lines in the figure show the evolution with a modified set of renormalization 
group equations, to be explained in Section 22.4; with this choice, the three 
couplings meet accurately within their current uncertainties. In any event, 
the evolution of coupling constants occurs on a logarithmic scale in energy, so 
grand unification cannot be achieved without assuming an enormous value—of 
order 10!6 GeV—for the symmetry-breaking scale. 


*H. Georgi and S. L. Glashow, Phys. Rev. Lett., 32, 438 (1974). The remarkable 
hubris of this paper makes it required reading for every student. 


For a pedagogical introduction to grand unification, see Ross (1984). 
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Figure 22.1. Extrapolation in energy of the coupling constants of the 
SU(3) x SU(2) x U(1) gauge model, g3, g, and 4/5/3g'. The solid lines are 
plotted using the 8 functions corresponding to the known set of elementary 
particles; the dashed lines are plotted using the @ functions corresponding to 
a supersymmetric multiplet of particles. 


The idea of a grand unification at such enormous energies raises many 
difficult questions, but it also suggests a wonderful opportunity. There is an- 
other enormous energy scale in quantum field theory, the scale at which the 
gravitational attraction of elementary particles becomes comparable to their 
strong, weak, and electromagnetic interactions. Conventionally, one defines 
the Planck scale as the energy for which the gravitational interaction of par- 
ticles becomes of order 1: 


Mplanck = (Gn /ħe) 7"? ~ 10" GeV. (22.7) 


However, already at energies of order 101° GeV, the gravitational attraction 
of particles is comparable to the gauge force due to the vector bosons of a 
grand unified theory. Though this scale is still slightly higher than the scale 
at which the standard model coupling constants meet, it is not unreasonable 
to hope that grand unification is somehow related to the unification of gravity 
with the forces of elementary particle physics. 

On the other hand, the introduction of this large scale into physics leads 
to a number of conceptual problems. The first of these problems, which one 
meets immediately upon suggesting this extension of the standard model, is 
the Higgs boson mass. In our discussion at the end of Section 20.2, we came 
to a somewhat ambiguous conclusion about the nature of the Higgs boson. As 
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a part of the gauge theory of weak interactions, we need some new sector that 
will cause the spontaneous breaking of SU(2) x U(1). This might be supplied 
by the vacuum expectation value of a scalar field, or by the more complicated 
dynamics of a new sector of particles. At this moment, we do not know which 
hypothesis is to be preferred. 

If SU(2) x U(1) is broken by the vacuum expectation value of an elemen- 
tary scalar field, that scalar field should be part of the grand unification. This 
leads to a serious conceptual problem. In order to produce a vacuum expec- 
tation value of the right size to give the observed W and Z boson masses, the 
Higgs scalar field must obtain a negative mass term, of the size 


—p? ~ —(100 GeV)?. (22.8) 


Unfortunately, the (mass)? of a scalar field receives additive renormalizations. 
In a theory with cutoff scale A, u? can be much smaller than A? only if the 
bare mass of the scalar field is of order —A?, and this value is canceled down 
to —p? by radiative corrections. If we envision that our theory of Nature 
contains the very large scales of grand unification, we must take seriously the 
idea that the appropriate value to take for A in this discussion is 101° GeV or 
larger. This seems to require dramatic and even bizarre cancellations in the 
renormalized value of p?. 

We met a situation of this type in the theory of phase transitions. At zero 
temperature, a ferromagnet typically has a spin expectation value of the order 
of the underlying atomic parameters. As the temperature is raised, or as some 
other variable in the system is changed, the magnetization decreases. Finally, 
by fine adjustment of the temperature, we can arrive at a situation where the 
system approaches a critical point. In the very near vicinity of this point, the 
expectation value of the spin field is much smaller than the value predicted 
from atomic parameters, and the system is described by an approximately 
massless continuum scalar field theory. 

In statistical mechanics, this picture of the light scalar field makes sense 
because there is an experimenter sensitively adjusting a dial. In the theory of 
weak interactions, there is no one obviously making a fine adjustment that 
gives the (mass)? of the Higgs boson a value 28 orders of magnitude or more 
below its natural value. Thus, it is a mystery why the Higgs boson mass should 
be so small compared to the grand unification scale. Particle physicists refer 
to this question as the gauge hierarchy problem. 

How can one naturally arrange a Higgs field mass term to be so much 
smaller than the underlying mass scale of the fundamental interactions? One 
possible strategy would be to arrange for a symmetry of the fundamental 
Lagrangian that forbids the Higgs boson mass term and that is very weakly 
broken. This idea turns out to be very difficult to implement. To build a theory 
of this type, one would need to create a scalar field theory in which additive 
radiative corrections to the Higgs boson mass must cancel to any foreseeable 
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order in perturbation theory. But the Higgs mass term is very simple in form, 
AL = 1 \d)°, (22.9) 


and it is hard to imagine any principle that would keep this term from being 
generated by radiative corrections. There is one proposal for a symmetry 
with this property, but it requires the introduction of a profound principle 
called supersymmetry that entails deep modifications of fundamental physics. 
In particular, it requires a large number of new elementary particles, some 
of which should have masses below 1000 GeV, within the reach of the next 
generation of accelerators. We will discuss this possibility further in Section 
22.4. 

In this discussion, the problem of the Higgs mass stemmed from the hy- 
pothesis that the Higgs boson was an elementary particle. An alternative view- 
point, already suggested at the end of Section 20.2, is that the Higgs boson is 
a composite state bound by a new set of interactions. This idea also leads to 
observable experimental consequences, since the mass scale of these new in- 
teractions must be close to the weak interaction mass scale. In the simplest 
theories of this type, the symmetry breaking of the Higgs sector is modeled 
on the dynamical chiral symmetry breaking of the strong interactions, which 
we discussed in Section 19.3. The new strong interactions required by the the- 
ory lead to a spectrum of new particles with masses of about 1000 GeV.? 
Thus, the two conflicting hypotheses on the nature of the sector that breaks 
SU(2) x U(1) both lead to new phenomena observable at future accelerators, 
and possibly even at present ones. 

Just as these two different theories of the Higgs sector present com- 
pletely different answers to the question of why the weak-interaction symmetry 
SU(2) x U(1) should be spontaneously broken, they also imply completely dif- 
ferent answers to the question of the origin of the quark and lepton masses. In 
a model in which the Higgs field is elementary, the quark and lepton masses 
are derived from the renormalizable couplings of fermions to the Higgs field. 
These couplings would presumably be part of the grand unification and could 
be predicted only by theories that made explicit reference to the grand unifi- 
cation scale. In principle, the knowledge of these couplings could give us clues 
as to the details of the grand unification. Even if the Higgs field is compos- 
ite, we cannot avoid the fact that the generation of masses for the quarks and 
leptons requires the breaking of SU(2) x U(1). Thus, these mass terms must 
arise from couplings of the quarks and leptons to the Higgs sector of interac- 
tions. In this class of models, the interactions leading to the quark and lepton 
masses must arise at energies close to the scale of the Higgs sector strong 
interaction and may eventually be observable experimentally. 

From either viewpoint, it is still mysterious why the spectrum of quarks 


'The properties of these models of the Higgs sector, known to specialists as tech- 
nicolor models, are described in R. Kaul, Rev. Mod. Phys. 55, 449 (1983) and K. D. 
Lane, in The Building Blocks of Creation, S. Raby, ed. (World Scientific, 1993). 
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and leptons covers 5 orders of magnitude, from the electron at 0.5 MeV to 
the top quark at 175 GeV. It is also not understood what gives rise to the 
pattern of quark mixings encoded in the CKM matrix and the magnitude of 
CP violation. Even with detailed confirmation of the standard model, these 
questions seem today very far from solution. 

The enormous mass scale of grand unification can also enter one more 
physical quantity, one that poses an even greater paradox than that of the 
Higgs boson mass. When we first quantized a field in Section 2.3, we discovered 
that the energy density of the vacuum in free scalar field theory received an 
infinite positive contribution from the zero-point energies of the various modes 
of oscillation. With a cutoff scale A, this zero-point energy is given roughly 
by 

(0| H |0} ~ Af. (22.10) 


At many other points in our discussion, we found similarly large contributions 
to the vacuum energy. The filling of the Dirac sea in the quantization of the 
free fermion theory led to a downward shift in the vacuum energy with a 
similar ultraviolet divergence. Spontaneous symmetry breaking gives a finite 
but still possibly large shift in the vacuum energy density, 


A (0| H j0) ~ =c, (22.11) 


with dimensionless c, for a field vacuum expectation value v. The spontaneous 
breaking of the weak interaction SU (2) x U (1) symmetry and of the strong in- 
teraction chiral symmetry both would be expected to shift the vacuum energy 
density in this way. 

In elementary particle physics experiments, this shift of the vacuum en- 
ergy is unobservable. Experimentally measured particle masses, for example, 
are energy differences between the vacuum and certain excited states of H, and 
the absolute vacuum energy cancels out in the calculation of these differences. 
However, there is a way that the absolute vacuum energy could potentially 
be observed, through the coupling of the vacuum energy to gravity. Accord- 
ing to Einstein, the energy-momentum tensor of matter O¥” is the source of 
the gravitational field. A vacuum energy density (0| H |0} = A contributes to 
this source a term 

OH” = N(OH”) + Ag”, (22.12) 


where the first term on the right is subtracted to have zero vacuum expecta- 
tion value. The vacuum energy term has the form of Einstein’s cosmological 
constant and thus potentially affects the expansion of the universe. 

In fact, measurements of the cosmological expansion exclude a large cos- 
mological constant. The current limit is 


A < 107%? g/cm? ~ (1071! GeV)’. (22.13) 


We have no understanding of why À is so much smaller than the vacuum 
energy shifts generated in the known phase transitions of particle physics, 
and so much again smaller than the underlying field zero-point energies. The 
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discrepancy in À between the experimental bound (22.13) and naive intuition 
is 120 orders of magnitude! The solution to this problem may come from one 
of many sources. It may be that the formalism of the quantum field theory 
of gravity requires that the vacuum energy be subtracted from the energy- 
momentum tensor that appears in Einstein’s equations of gravity. It may be 
that there is a new physical mechanism coming from particle physics or from 
gravity itself that sets the total vacuum energy to zero. Or it may be that 
the overall scale of energy-momentum is genuinely ambiguous and is set by a 
cosmological boundary condition. At this moment, all of these possibilities are 
just guesses. All we know for certain is that the unification of quantum field 
theory and gravity cannot be straightforward, that there is some important 
concept still missing from our current understanding.* 


22.3 Exact Solutions in Quantum Field Theory 


From the idea of grand unification, with its great promise and mystery, we 
turn to the study of model quantum field theories that are so simple that they 
can be solved exactly. Throughout this book, we have stressed the intrinsic 
complexity of quantum field theory and the importance of using perturbation 
theory as a replacement for exact knowledge. But there are a variety of quan- 
tum field theories for which exact solutions are known. In this section, we will 
describe some of these and review the insights we have gained from them. 

In searching for exact solutions to quantum field theory models, there 
is no reason to restrict our attention to four-dimensional spacetime. In fact, 
we have seen examples of two-dimensional theories with similar complexity of 
renormalization and short-distance behavior. At the same time, these theories 
occupy a one-dimensional space, and their degrees of freedom can be visualized 
as links in a chain. This allows some powerful simplifications. 

In our discussion of the axial anomaly in two dimensions in Section 19.1, 
we showed that the photon of two-dimensional massless QED becomes a mas- 
sive boson. More detailed examination of this theory shows that this boson 
is a noninteracting particle. The theory is originally formulated in terms of 
fermions, interacting through Coulomb forces. However, it is possible to ex- 
actly rewrite the theory as a theory of a scalar field that creates and destroys 
fermion-antifermion pairs. Heuristically, a particle and an antiparticle moving 
down the light-cone in one-dimensional space do not separate and therefore 
comprise one bosonic degree of freedom. In a wide class of models, the bosonic 
theories rewritten in this way are free-field theories. A remarkable model of 
this type is the Thirring model, 


L= pigh — EOD N, (22.14) 


*The cosmological constant problem and a variety of unsuccessful solutions are 
reviewed in S. Weinberg, Rev. Mod. Phys. 61, 1 (1989). 
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in two dimensions. In this model, the replacement of the fermion field by a 
boson field leads to a free field theory. Using this field theory, one can com- 
pute correlation functions of fermion bilinears explicitly and show directly 
that these operators have anomalous dimensions. In renormalization-group 
language, the model contains a line of fixed points parametrized by the cou- 
pling constant g.t 

A more general class of two-dimensional models can be solved by visu- 
alizing them in a Hamiltonian picture as a one-dimensional chain of coupled 
field operators. The prototype of this method is a problem in the statistical 
mechanics of magnets, the one-dimensional chain of coupled spins. Consider a 
long chain of N discrete sites, with a spin-1/2 system at each site. The Pauli 
sigma matrices g; act on the two-dimensional Hilbert space at the site 7. The 
Hamiltonian for the spin chain is then 


H= (-Jo; 0:41). (22.15) 


Since 
Ti Tigi = WAofo4, +0; of.) +o, (22.16) 


this Hamiltonian conserves the number of up spins. The state with all spins 
down is an eigenstate of the Hamiltonian, and the states with one spin up in a 
state of definite momentum are also eigenstates. In 1934, Bethe analyzed the 
problem of two spins up and computed their S-matrix. He then discovered an 
amazing fact, that by multiplying the S-matrices for the two-spin problem, he 
could find the exact eigenstates of the Hamiltonian for any number of spins up. 
By considering N/2 spins up, he found the ground state of the system. This 
technique, now known as Bethe’s ansatz, has been used to solve a wide variety 
of one-dimensional problems in condensed matter physics and quantum field 
theory. For example, this technique has been used by Andrei and Lowenstein 
to solve the Gross-Neveu model presented in Problem 11.3 and to demonstrate 
that the spectrum of this model has the properties expected from asymptotic 
freedom.? 

Even where it is not possible to solve a model for all values of its parame- 
ters, it is sometimes possible to find exact information about two-dimensional 
models at points where they contain massless fields. It is well known that a va- 
riety of classical two-dimensional partial differential equations can be solved by 
exploiting techniques of complex variables. For example, the two-dimensional 
Laplace equation V?é = 0 is invariant to conformal mappings z — w(z), 


For an introduction to these models, see 5. Coleman, Phys. Rev. D11, 2088 
(1975), Ann. Phys. 101, 239 (1976). 


For an introduction to Bethe’s ansatz and its generalizations, see N. Andrei, K. 
Furuya, and J. H. Lowenstein, Rev. Mod. Phys. 55, 331 (1983), L. D. Faddeev, in 
Recent Advances in Field Theory and Statistical Mechanics, J. B. Zuber and R. Stora, 
eds. (North-Holland, Amsterdam, 1984), and R. J. Baxter, Exactly Solved Models in 
Statistical Mechanics (Academic Press, London, 1982). 
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where z = x + iy. Two-dimensional quantum field theories with massless 
particles often have this conformal symmetry at the classical level, though 
generically it is anomalous. In special systems, however, these anomalies van- 
ish and the quantum theory is invariant to conformal mapping. These theories 
typically contain operators with anomalous dimensions, indicating that each 
such theory is a new, nontrivial fixed point of the renormalization group. The 
conformal symmetry of the theory can be used to compute these anomalous 
dimensions. 

As an example of this class of theories, consider the two-dimensional non- 
linear sigma model in which the basic field is not a unit vector, as we discussed 
in Section 13.3, but rather a unitary matrix of a Lie group G. The Lagrangian 
of this theory is 


1 
L= ig [es tr[0,UTO"U). (22.17) 


Like the theory of Section 13.3, this model is asymptotically free. However, 
Witten has shown that, by adding to this Lagrangian a particular perturbation 
of a rather complicated form first written by Wess and Zumino, one can find a 
fixed point of the renormalization group with manifest G x G global symmetry. 
This theory is conformally invariant, and all operator correlation functions can 
be computed using the conformal symmetry.* 

One result of the nonperturbative exploration of quantum field theory 
was the realization that field theories can contain particle states that are not 
simply related to the quanta of the original fields. In the weak-coupling limit 
of a quantum field theory, such new states can appear as new solutions of the 
classical field equations. Consider, for example, ¢* theory in two dimensions 
in the broken-symmetry phase. The equation of motion is 

2 2 
20- Zro- 126+ 20" =0. (22.18) 
Treating this equation as a classical partial differential equation, we can find 
the time-independent solution 


tanh Z£ 2.19 

o(x) = z A (22.19) 

This is a field configuration that begins in one well of the potential at z = —oo 
and crosses over to the other well as x — +00. This solution has an energy 
of order ys/A, larger by a factor of 1/X than the mass of a ¢ quantum. Since 
the original equation (22.18) was Lorentz-covariant, the boosts of this solution 
must also be solutions to the classical partial differential equation. It is natural 
to suggest that, in the ¢* quantum field theory, these solutions form a new 
set of massive particles. Such solutions, and the particles corresponding to 


*For an introduction to comformally invariant two-dimensional quantum field 
theories, see P. Ginsparg, in Fields, Strings, Critical Phenomena, E. Brezin and J. 
Zinn-Justin, eds. (North-Holland, Amsterdam, 1989). 
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them, are often called solitons, borrowing a more specialized term from the 
literature on two-dimensional partial differential equations.! 

Many examples are now known of particles that are associated in this 
way with classical solutions of a quantum field theory. In theories with spon- 
taneously broken symmetry, the appearance of such particles is often related 
to the topology of the set of vacuum states; the ¢* theory above gives a simple 
example of this relation. These examples are not limited to two dimensions 
but can also occur in theories that are potentially realistic. Such solutions 
can have magical properties. One interesting example is found in the SU(2) 
gauge theory with a Higgs scalar field in the vector representation, the Georgi- 
Glashow model considered in Section 20.1. ‘t Hooft and Polyakov showed that 
this theory has a classical solution in which the Higgs field ġa has the form 


ba(x) = f (|x|) aa. (22.20) 


They showed that, when the gauge theory is interpreted as a unified model of 
weak and electromagnetic interactions, this solution is a magnetic monopole! 
In addition, particles that arise as heavy classical states in the weak coupling 
limit can have a more intricate relation to the dynamics of the theory when the 
coupling is increased. For example, in theories of the type of two-dimensional 
QED or the Thirring model in which fermions can be replaced by bosons, a 
weak-coupling limit is obtained by adding to the theory a large fermion mass. 
Then the original fermions are recovered from the bosonic representation of 
the theory as classical solutions very similar to that given in (22.19). 

In some theories, one can find classical solutions of the Euclidean field 
equations. These solutions, called instantons, are localized in Euclidean time 
as well as in space. Thus, they are interpreted as quantum processes that 
modify the effective Hamiltonian of a quantum field theory. The most famous 
example of an instanton is found in four-dimensional non-Abelian gauge theo- 
ries. It was shown by ‘t Hooft that this field configuration leads to a quantum 
process that violates the conservation of the U(1) axial current in QCD. We 
have explained in Section 19.3 that this violation of current conservation is 
exactly what is needed to explain the spectrum of light mesons in QCD. 

There is probably much more to be learned, especially about the strong- 
coupling behavior of gauge theories, by deeper analysis of the classical solu- 
tions to the field equations, and of the interrelations of the many exactly or 
partially solvable two-dimensional field theories. 


‘For an introduction to the use of solutions of the classical field equations in the 
analysis of problems in field theory, see S. Coleman (1985), Chaps. 6 and 7, and R. 
Rajaraman, Solitons and Instantons (North-Holland, Amsterdam, 1982). 
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22.4 Supersymmetry 


Among the properties that a quantum field theory might possess to make it 
more beautiful or more mathematically tractable, there is one higher sym- 
metry with particularly far-reaching implications. This is a symmetry that 
relates fermions and bosons, known (without hyperbole) as supersymmetry. 
In this section, we will introduce some of the purely mathematical conse- 
quences of supersymmetry, and then discuss the question of whether the true 
field equations of Nature could be supersymmetric. 

A generator of supersymmetry is an operator that commutes with the 
Hamiltonian and converts bosonic into fermionic states. Such an operator must 
carry half-integer spin, in the simplest case spin 1/2. Let Qa, with a = 1,2, 
be the left-handed spinor components of this operator. Their Hermitian con- 
jugates, Qi, form a right-handed spinor. The anticommutator {Qa,Q5} is 
a 2 x 2 matrix with positive diagonal elements; thus it cannot vanish. This 
matrix commutes with H but transforms nontrivially under Lorentz transfor- 
mations. A Lorentz-covariant expression for this anticommutator is 


{Qa Qh} = 20K gP", (22.21) 


where P” is a conserved vector quantity. Such quantities are severely re- 
stricted; a theorem of Coleman and Mandula states that, if a quantum field 
theory in more than two dimensions has a second conserved vector quantity 
in addition to the energy-momentum 4-vector, the S-matrix equals 1 and no 
scattering is allowed. Thus the only possible choice for P” in Eq. (22.21) is the 
total energy-momentum. The Coleman-Mandula theorem also rules out any 
higher-spin conservation laws. This eliminates the possibility that a supersym- 
metry generator could have spin 3/2 or higher. The most general possibility 
is a collection of spin-1/2 operators with the anticommutation relations 


{Qi QI} = 26% oh PH, (22.22) 


with 7,7 = 1,..., N. In the following discussion, we will mainly consider only 
the simplest case, N = 1.4 

The algebra (22.22) of conserved quantities has profound consegences for 
the theory. Since the right-hand side of (22.22) is the total energy-momentum, 
it involves every field in the theory. To reproduce this algebra, the left-hand 
side must also involve every field. The representations of this algebra pair 
every bosonic state with a fermionic state at the same energy, and vice versa. 
If supersymmetry is an exact symmetry of the quantum field theory, it must 
act on every sector of the theory. In a realistic model, even the gravitational 
field must have a fermionic partner. This means that Einstein’s equations of 
gravity must be generalized to a new set of geometrical equations that involve 
a fermionic (spin-3/2) field. 


tAn excellent introduction to the formalism of supersymmetry is J. Wess and J. 
Bagger, Supersymmetry and Supergravity (Princeton University Press, 1983). 
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The first consequences of making a quantum field theory supersymmetric 
are easy to understand. For every (complex) scalar field, one must introduce 
a chiral fermion field. The self-interactions of the bosonic fields are related 
to the interactions of these fields with the fermions; for example, a possible 
interaction Lagrangian with coupling constant À is 


AL = —d |g)? — EAWT a? Wp. (22.23) 


We have written a more general supersymmetric Lagrangian in Problem 3.5. 
Similarly, for every gauge field, one must introduce a chiral fermion in the 
adjoint representation of the gauge group. This fermion, called the gaugino, 
mediates interactions of the scalar fields with their fermionic partners whose 
strength is given by the gauge coupling g. 

The special relation between the bosonic and fermionic interactions leads 
to great simplifications in the renormalization of supersymmetric theories. 
Some of these simplifications can be anticipated. Since supersymmetry re- 
quires that each scalar particle have a fermionic partner of the same mass, 
these particles must have the same mass renormalization. But we have seen 
that the fermion mass is multiplicatively renormalized and thus is only log- 
arithmically divergent, while a scalar mass term is additively renormalized 
and thus can be quadratically divergent. Supersymmetry must imply that 
the quadratic divergences of scalar mass terms automatically vanish. In fact, 
these cancellations occur in every order of perturbation theory, with loop dia- 
grams involving bosons canceling against diagrams with virtual fermions. To 
see another simplification required by supersymmetry, take the vacuum ex- 
pectation value of the anticommutation relation (22.21). The vacuum state 
has zero momentum: P*|0) = 0. If the vacuum state is supersymmetric, 
Qa |0) = Q} |0) = 0. Then Eq. (22.21) implies 


(0| H |0} = 0. (22.24) 


We have noted already that bosonic fields give positive contributions to the 
vacuum energy through their zero-point energy, and fermionic fields give neg- 
ative contributions. We now see that, in a supersymmetric model, these con- 
tributions cancel exactly, not only at the leading order but to all orders in 
perturbation theory. 

Deeper examination of supersymmetric theories leads to additional, and 
quite unexpected, cancellations in renormalization theory. For example, one 
can show that the coupling constants in scalar-fermion self-interactions, such 
as À in (22.23), are renormalized only through field strength renormalizations. 
Thus the relative size of two different scalar interactions remains unchanged. 
If a particular type of renormalizable interaction is omitted, it cannot be gen- 
erated by renormalization, in contrast to the case in ordinary field theory. 
The simplest supersymmetry does not constrain the renormalization of gauge 
couplings, but higher supersymmetries can have a profound effect: In N = 2 
supersymmetric models, the @ function vanishes if the leading-order term is 
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arranged to be zero. In N = 4 supersymmetric models, this cancellation is au- 
tomatic and @(g) = 0 exactly. These models give examples of four-dimensional 
quantum field theories with no ultraviolet divergences.* 

Supersymmetry thus endows a quantum field theory with remarkable, 
even magical properties. But is it possible that the true equations of Nature 
could possess such a high degree of symmetry? Since we are certain that 
there is no charged boson with the same mass as the electron, we know that 
supersymmetry cannot be an exact symmetry of Nature. But it is tempting 
to guess that it might be a spontaneously broken symmetry of the underlying 
equations. 

In fact, this conjecture has fruitful consequences for the grand unified the- 
ories that we discussed in Section 22.2. The problem of the Higgs boson mass 
that we highlighted in that section has an elegant solution in supersymmetry 
models. In a supersymmetric version of the standard model, the Higgs field 
is one of a large number of scalar fields with various SU(3) x SU(2) x U(1) 
quantum numbers. For all of these scalar fields, the mass terms get only a 
logarithmic multiplicative renormalization. If supersymmetry were broken in 
such a way as to give mass differences of a few hundred GeV between the ob- 
served fermionic quarks and leptons and their scalar partners, one would also 
find a Higgs boson (mass)? of the correct size. There are good reasons, which 
follow from more detailed properties of the theory, why it is the Higgs field, 
rather than some other scalar field, that obtains a vacuum expectation value.t 

If this set of ideas is correct, the scalar partners of quarks and leptons 
would be light enough to be discovered experimentally in the near future. In 
that case, these scalar particles and the fermionic partners of gauge bosons 
would affect the renormalization of coupling constants between present en- 
ergies and the grand unification scale. This might potentially disturb the 
prospects for grand unification, but, instead, it improves them: the dashed 
lines of Fig. 22.1, with a more impressive meeting of the three coupling con- 
stants, were generated by replacing the conventional @ functions with ones 
including the supersymmetric partners. 

The last of the problems discussed in Section 22.2 is also ameliorated by 
the introduction of supersymmetry. In a grand unified theory with broken 
supersymmetry, those momentum scales that are much larger than the mass 
differences of supersymmetry partners give no contribution to the vacuum 
energy. Thus the natural size of the cosmological constant in these theories 
is A ~ (100 GeV)*. This reduces the cosmological constant problem to a 
discrepancy of 50 orders of magnitude—but this is not nearly enough. 


*Supersymmetric models with vanishing Ø function are reviewed by P. West, in 
Shelter Island II, R. Jackiw, N. N. Khuri, S. Weinberg, and E. Witten, eds. (MIT 
Press, Cambridge, 1985). 


* Supersymmetric models of quarks and leptons, and their observable conse- 
quences, are reviewed in H. P. Nilles, Phys. Repts. 110, 1 (1984), and in H. E. Haber 
and G. L. Kane, Phys. Repts. 117, 75 (1985). 
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It is an exciting prospect that supersymmetric partners of the particles of 
the standard model might soon be seen in experiments. What we anticipate, in 
any event, is that the experiments of the next generation will make a definite 
choice between this hypothesis for the nature of the Higgs sector and the other 
possibilities discussed in Section 22.2. Either way, we will have advanced our 
knowledge one step toward the truly fundamental equations. 


22.5 Toward an Ultimate Theory of Nature 


What are these fundamental equations? Do they involve quantum field theory, 
or some very different organizing principle? Any answer to this question must 
be completely speculative. Nevertheless, there are some principles, and an 
example, that can guide this search. 

For all the attention we have given in this book to the basic interactions 
of particle physics, we have given very little attention to gravity. In part, 
this is because the quantum theory of gravity has no known observational 
consequences. But it is also true that the quantum theory of gravity is still 
ill-formed and uncertain. If gravity is treated as a weak-coupling field the- 
ory with Feynman diagrams, one quickly finds that the divergences of these 
diagrams render the theory nonrenormalizable. This is no surprise, because 
gravity is a theory in which the coupling constant has inverse mass dimen- 
sions, with the mass scale mplanck given by (22.7). In our general philosophy 
of renormalization, all of the complexity of this theory should be concentrated 
at the scale mpjanck- 

At the scale where quantum fluctuations of the gravitational field are im- 
portant, we must expect profound changes in physics. If these changes occur 
within the context of quantum field theory, they will at the least entail fluc- 
tuating spacetime geometry and topology. But it seems equally probable that 
quantum field theory will actually break down at this scale, with continuous 
spacetime replaced by a new discrete or nonlocal geometry. 

One particular model for the behavior of spacetime at very small dis- 
tances is string theory, the dynamics of abstract one-dimensional extended 
objects. In Section 22.1, we mentioned that such objects seemed to occur 
naturally in attempts to describe quark confinement in QCD, but that the 
detailed properties of these objects made them unsuitable for strong inter- 
action phenomenology. Among the disappointing properties of these systems 
were the appearance of massless spin-2 states of the string, and a constraint 
that the dimension of spacetime must be increased unless the spectrum of the 
theory contained many massless spin-1 states. In 1974, Scherk and Schwarz 
made the remarkable suggestion that string theory was a correct mathemat- 
ical description of a different problem, the unification of elementary particle 
interactions with gravity. They interpreted the spin-2 quantum as the gravi- 
ton and the spin-1 quanta as gauge bosons of a gauge theory.? A decade later, 


tJ. Scherk and J. H. Schwarz, Nucl. Phys. B81, 118 (1974). 
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Green and Schwarz put this conjecture on a firmer footing by showing that 
a particular string theory could be interpreted as a grand unified theory in 
ten spacetime dimensions, with all gravitational and gauge Ward identities 
automatically satisfied and all anomalies automatically canceling. Since that 
time, many other solutions to the constraint equations of string theory have 
been found, some of which correspond to unified models of gauge interactions 
and gravity in four dimensions. These models can naturally incorporate su- 
persymmetry and, under that condition, give ultraviolet-finite results for all 
scattering amplitudes, including those of gravitons.* 

String theories solve the ultraviolet divergence problems of quantum field 
theory by rejecting the idea that elementary particles are pointlike objects 
with contact interactions. Rather, in string theory, quarks, leptons, gauge 
bosons, and gravitons are extended loops of string excitation which thus in- 
teract nonlocally. Since particles cannot be definitely localized, spacetime it- 
self takes on a nonlocal character. In some sense, distances much less than 
the Planck length 1/mpianck do not exist in the string description of grav- 
ity. As yet, it is not clear how to understand intuitively the sort of geometry 
that string theory requires. This mathematical problem is now being actively 
investigated. 

If indeed the truly fundamental geometry of Nature is nonlocal, discrete, 
or discontinuous in some other way, then the grand program for the fun- 
damental interactions that we have set forth in this book must be altered 
in an essential way. The most elementary equations of Nature will not be 
gauge-invariant quantum field theories, but instead theories built from very 
different elements. Even the principles of model construction will be differ- 
ent from those based on gauge and Lorentz invariance that we have discussed 
here. 

On the other hand, quantum field theory will still play an essential role in 
the interpretation of this structure. All of the processes we now observe, even 
the elementary particle processes at the highest energies currently accessible, 
occur over distances 15 orders of magnitude larger than the sizes of the strings 
or other fluctuating structures that appear in the underlying equations. The 
relation of experimental observations to these fundamental structures is thus 
very similar to the relation of macroscopic observations to the underlying 
atomic structure of matter. In the study of matter, we use a classical, New- 
tonian description of atoms to bridge this gap and to relate the properties of 
gases, liquids, and solids to underlying atomic properties. We might say that 
the quantum theory of atoms gives rise to a set of effective Newtonian equa- 
tions that is extremely powerful in the macroscopic domain. Especially in the 
theory of gases, this Newtonian description was also used as a tool to realize 
the existence of atoms and to derive their properties. 


*A technical introduction to string theory and its use in building unified models 
has been given by M. B. Green, J. H. Schwarz, and E. Witten, Superstring Theory, 2 
vols. (Cambridge University Press, 1987). 
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Similarly, whatever the nature of Planck-scale physics, it leads to some 
effective continuum quantum field theory. This quantum field theory might 
well be an accurate approximation to the underlying physics already at dis- 
tances of 100 Planck lengths, corresponding to momenta of 10!7 GeV. From 
here to the scale of weak interactions, and from there up to the wavelength 
of light, and from there to the size of the universe, quantum field theory can 
be treated as the basic framework for the equations of physics. By recogniz- 
ing the symmetries of the particular set of field equations that Nature has 
provided us, we can learn to compute all of the details of physical processes 
over this whole enormous domain. And, by contemplating the origin of these 
symmetries, perhaps we will also be able to see through to the next level and 
unlock the true structure of spacetime. 


Appendix 


Reference Formulae 


This Appendix collects together some of the formulae that are most commonly 
used in Feynman diagram calculations. 


A.1 Feynman Rules 


In all theories it is understood that momentum is conserved at each vertex, and 
that undetermined loop momenta are integrated over: [d*p/(27)*. Fermion 
(including ghost) loops receive an additional factor of (—1), as explained on 
page 120. Finally, each diagram can potentially have a symmetry factor, as 
explained on page 93. 


1 1 À 
t theory: L= zuo) A x og 
a 
Scal tor: = Jl 
calar propagator 7 Pom pic (A.1) 
o* vertex: = —ir (A.2) 
External scalar: >——— =l (A.3) 


(Counterterm vertices for loop calculations are given on page 325.) 


Quantum Electrodynamics: L = (ig — m)w — 4 (Fu)? epy yAn 


Dirac propagator: —~« = itm (A.4) 
p pe —m + 1€ 
igu 
Phot ator: YI == AB 
oton propagator y yie (A.5) 


(Feynman gauge; see page 297 for generalized Lorentz gauge.) 
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pb 
QED vertex: De = iQey" (A.6) 


(Q = —1 for an electron) 


o = u'(p) (initial) 
External fermions: P (A.7) 
aa = ū"(p) (final) 
P 
o ="(p) (initial) 
External antifermions: “p (A.8) 
D a =v*(p) (final) 
p —> 
prone = €,(p) (initial) 
External photons: p (A.9) 
Ve = e (p) (final) 


(Counterterm vertices for loop calculations are given on page 332.) 


Non-Abelian Gauge Theory: 
L= ig — mb — 33u Ap — OAR)? + gAn tY 
_ gf °°°(0,,A2) AP? Ave — 1g? (for AS AP) (feet Are AYA) 


The fermion and gauge boson propagators are the same as in QED, times 
an identity matrix in the gauge group space. Similarly, the polarization of 
external particles is treated the same as in QED, but each external particle 
also has an orientation in the group space. 


Q, fa 
Fermion vertex: ou = igy*t® (A.10) 


a, fb abe v 
gf™ [g (k — p)” 


1k 


3-boson vertex: Py = +9"? (p — q)“ (A.11) 
bv Tcp + 9° (q— k)*] 
a, p by —ig? [S fore (geg — geg.) 


L fore foe (gt? ge? — gh? g’P) (A.12) 
Cp d, o L f° fP (g gP? —ghPg’?)]| 


4-boson vertex: 
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b, p 
Ghost vertex: ? = —g f% p” (A.13) 
7 een 
a” *p Yee 
Ghost propagato b is” (A.14) 
r rO Qee mpe = . 
propag a > P dic 


(Counterterm vertices for loop calculations are given on pages 528 and 532.) 
Other theories. Feynman rules for other theories can be found on the fol- 
lowing pages: 


Yukawa theory page 118 

Scalar QED page 312 

Linear sigma model page 353 
Electroweak theory pages 716, 743, 753 


A.2 Polarizations of External Particles 


The spinors u*(p) and v*(p) obey the Dirac equation in the form 
0 = (p—m)u*(p) = u (p)(p - m) 
= (b+ m)v? (p) = 5° (p)(p + m), 


where ø = y"p,,. The Dirac matrices obey the anticommutation relations 


(A.15) 


{yy} = 29h”, (A.16) 
We use a chiral basis, 
0 ot 5 -1 0 
H — — 
where 
o” = (1,0), a” = (1, —0). (A.18) 


In this basis the normalized Dirac spinors can be written 


s vP zE. s ( vP nn 
u” (p) = ( 2 h vi (p)= 2h A.19) 

= pee W= (yra l 
where € and 7 are two-component spinors normalized to unity. In the high- 
energy limit these expressions simplify to 


utp) VEGEN, o(p) = V2E( te) (A.20) 


S(1+p-oa)é +p-o)n 
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Using the standard basis for the Pauli matrices, 


ı1_/0 1 2_{0 -1 3 {1 0 
a= (4 o) 2=(; o) a= (5 °”) (A.21) 


we have, for example, ¿£5 = (5) for spin up in the z direction, and €° = (?) for 
spin down in the z direction. For antifermions the physical spin is opposite to 
that of the spinor: 7° = (5) corresponds to spin down in the z direction, and 
so on. 

In computing unpolarized cross sections one encounters the polarization 
sums 


Xup lp) =p+m, SY >v8(p)o*(p) = p-m. (A.22) 
8 8 

For polarized cross sections one can either resort to the explicit formulae 

(A.19) or insert the projection matrices 


GO (S am 


which project onto right- and left-handed spinors, respectively. Again, for 
antifermions, the helicity of the spinor is opposite to the physical helicity of 
the particle. 

Many other identities involving Dirac spinors and matrices can be found 
in Chapter 3. 

Polarization vectors for photons and other gauge bosons are convention- 
ally normalized to unity. For massless bosons the polarization must be trans- 
verse: 


e” = (0,6), where p-e = 0. (A.24) 
If p is in the +z direction, the polarization vectors are 
1 
v2 


for right- and left-handed helicities, respectively. 
In computing unpolarized cross sections involving photons, one can re- 
place 


ch 


(0,1,4,0), e = — (0,1, —i,0), (A.25) 


5 nev m> uv, (A.26) 


polarizations 


by virtue of the Ward identity. In the case of massless non-Abelian gauge 
bosons, one must also sum over the emission of ghosts, as discussed in Sec- 
tion 16.3. In the massive case, one must in addition include the emission of 
Goldstone bosons, as discussed in Section 21.1. 
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A.3 Numerator Algebra 


Traces of y matrices can be evaluated as follows: 
tr(1) = 4 
tr(any odd # of y’s) =0 
tr(g" g”) = 4gh” 


tr(gty Py) = Alg” gh? — g?g”? + gh? gv?) (A.27) 
tr(7°) = 0 
tr(y"y"y) = 0 
tr(yty’ hay?) = hiet”? 


Another identity allows one to reverse the order of y matrices inside a trace: 
trey gly?) = trl yP"). (A.28) 
Contractions of y matrices with each other simplify to: 
YI = 4 
WY Au = 24 
WWP Yu = 4g”? 
WWW Yu = 2P 


v 


(A.29) 


(These identities apply in four dimensions only; see the following section.) 
Contractions of the e symbol can also be simplified: 


CP eo a8 = —24 
cH Ee aay = —664, (A.30) 
COM € apg = —2 (546% — 6455") 

In some calculations, it is useful to rearrange products of fermion bilinears 
by means of Fierz identities. Let u,,...,uq be Dirac spinors, and let uz = 
4(1 — 7°)u; be the left-handed projection. Then the most important Fierz 
rearrangement formula is 

(tiny uzr) (U3sLyp,uaL) = ~ (Ly uar) (Ü3LYpu2L). (A.31) 
Additional formulae can be generated by the use of the following identities 
for the 2 x 2 blocks of Dirac matrices: 

(o" aan) = 2eay€a8; (Fa (Fu)y6 = 2a Eas (A.32) 


In non-Abelian gauge theories, the Feynman rules involve gauge group 
matrices ¢° that form a representation r of a Lie algebra G. The symbol G 
also denotes the adjoint representation of the algebra. The matrices t° obey 


[r,t] = ifort’, (A.33) 
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where the structure constants f° are totally antisymmetric. The invariants 
C(r) and Co(r) of the representation r are defined by 


tret] = C(r)d%, tt? = Ca(r)-1. (A.34) 
These are related by 


C(r) = C2(r), (A.35) 


where d(r) is the dimension of the representation. Traces and contractions of 
the t° can be evaluated using the above identities and their consequences: 


ttt? = [Co(r) — $C2(G)|t? 
fred peed — C2(G)s@ (A.36) 
JAPE = hia (G)t* 


For SU(N) groups, the fundamental representation is denoted by N, and 
we have 
1 N?-1 
C(N) = = Co(N) = ——— 
( ) 2( ) IN? 


The following relation, satisfied by the matrices of the fundamental represen- 
tation of SU(N), is also very helpful: 


C(G)=0,(G)=N. (A37) 


1 


1 
Eht e= 5 (biði - woiibke): (A.38) 


A.4 Loop Integrals and Dimensional Regularization 


To combine propagator denominators, introduce integrals over Feynman pa- 
rameters: 
1 
1 {n — 1)! 


| dey drn (Sy 1 - 
AA+- An J ! È ) A Faoz t nAn] 


(A.39) 


In the case of only two denominator factors, this formula reduces to 


1 
1 1 
AB J dz [zA + (1-2) B]” (4-40) 


A more general formula in which the A; are raised to arbitrary powers is given 
in Eq. (6.42). 

Once this is done, the bracketed quantity in the denominator will be a 
quadratic function of the integration variables p}. Next, complete the square 
and shift the integration variables to absorb the terms linear in p}. For a 
one-loop integral, there is a single integration momentum p”, which is shifted 
to a momentum variable £“. After this shift, the denominator takes the form 
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(2 — A)”. In the numerator, terms with an odd number of powers of £ vanish 
by symmetric integration. Symmetry also allows one to replace 


1 
whee = Êg”, (A.41) 


PEPE > 


1 
E (67)? (g gl? + gg’? + g” gP), (A.42) 


(Here d is the spacetime dimension.) The integral is most conveniently evalu- 
ated after Wick-rotating to Euclidean space, with the substitution 


=i, P=-,. (A.43) 


Alternatively, one can use the following table of d-dimensional integrals in 
Minkowski space: 


d? 1 (~i Pn) 712-3 

lem (L-A) ~ (4n) 4/2 Pin) (x) (A.44) 
d? e (=i d T(n-4-1) / 1078-1 

lem (2 — A)” (47)2/2 2 T (>) (A.45) 
die we (=1 1G gt” T(n-ġ-1) p 1—31 

l (2-A) (4x) 4/2 9 Fin) (x) (A.46) 


27)? (£2 — A)” An)d/2 4 T(n) A 


ave (@)? _ (-1)"4 d(d+2) T(n—$-2) / 1 n—$-2 
I ( ( ) (A.47) 
_ 
( 


| dil gu grerer 
( 


~1)"i P(n—4—2) / 1 \n-§-2 
27) (L — A) ; ( ) 


4r) Tn) \A 
1 
x ghg” gP + gh gh? + gh gP) (A.48) 


If the integral converges, one can set d = 4 from the start. If the integral 
diverges, the behavior near d = 4 can be extracted by expanding 


(3) 


One also needs the expansion of T(x) near its poles: 


9d 
*—1-(2-4)logA +: +. (A.49) 


T(r) = Z — y+ 0(zx) (A.50) 
near z = 0, and 
rej- (L ytlted - + Ox +n)) (A.51) 
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near x = —n. Here y is the Euler-Mascheroni constant, y œ% 0.5772. The 
following combination of terms often appears in calculations: 


(2-4) (Ay ol 
(47)4/2 LA ~ (4r 
with €e = 4- d. 

Notice that A is positive if it is a combination of masses and spacelike mo- 
mentum invariants. If A contains timelike momenta, it may become negative. 
Then these integrals acquire imaginary parts, which give the discontinuities 
of S-matrix elements. To compute the S-matrix in a physical region, choose 
the correct branch of the function by the prescription 


GJP- (byt (As 


where —ie (not to be confused with € in the previous paragraph!) gives a tiny 
negative imaginary part. 

Traces in Eq. (A.27) that do not involve 45 are independent of dimen- 
sionality. However, since 


2 
a(? log A — q + log(47) + O (e )) (A.52) 


g” Gur = ON, = d (A.54) 
in d dimensions, the contraction identities (A.29) are modified: 
Vn = 
WY Ya = —(d-2)9” 
eye WP Au = 4g”? — (Ad) ya? 
WPI Au = =P + (Andy yy? 


(A.55) 


A.5 Cross Sections and Decay Rates 


Once the squared matrix element for a scattering process is known, the dif- 
ferential cross section is given by 


_ 1 ( dps 1 ) 
2E42Eg lua—vp| f (27) 2E 5 (A.56) 
2 
x |M(pa,pe — {p} | (20)*6 (pa+pg — Y pp). 


The differential decay rate of an unstable particle to a given final state is 


3 
d= = (aes se 5E - JMC (ma — {ps})|° (27)46 (pa -Z pr). (4.57) 


For the special case of a two-particle final state, the Lorentz-invariant phase 
space takes the simple form 


(11 / ve 3E; Je r) (7 pi -E pr) = [2 = (22), (A.58) 
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where |p| is the magnitude of the 3-momentum of either particle in the center- 
of-mass frame. 


A.6 Physical Constants and Conversion Factors 
Precisely known physical constants: 


c = 2.998 x 101°? cm/s 
h = 6.582 x 1077? MeV s 
e = —1.602 x 1071? C 


e2 


nhc 137.04 


Gr ba? 
= 1.166 x 10" 
(hays = 1-168 x 10° GeV 


= 0.00730 


The values of the strong and weak interaction coupling constants depend on 
the conventions used to define them, as explained in Sections 17.6 and 21.3. 
For the purpose of estimation, however, one can use the following values: 


as(10 GeV) = 0.18 
as(mz) = 0.12 


sin? 6,, = 0.23 
Particle masses (times c’): 
e: 0.5110 MeV p: 938.3 MeV 
pe: 105.6 MeV n: 939.6 MeV 
T: 1777 MeV a*: 139.6 MeV 
WE: 80.2 GeV n°: 135.0 MeV 
Z°: 91.19 GeV 
Useful combinations: 
h 
Bohr radius: ag = = 5.292 x 107°? cm 
AMeC 
h 
electron Compton wavelength: A= = 3.862 x 1071! cm 
. : ah -13 
classical electron radius: Te = = 2.818 x 10 cm 
Mec 
, 8rr2 
Thomson cross section: or = 3 5 0.6652 barn 


Ara? 86.8 nbarn 


annihilation cross section: 1 R = 3B, = (Fon in GeV)? 
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Conversion factors: 


(1 GeV) /c? = 1.783 x 10774 g 
(1 GeV)! (ñe) = 0.1973 x 107 em = 0.1973 fm; 
(1 GeV)~?(he)? = 0.3894 x 1072” em? = 0.3894 mbarn 
1 barn = 10774 cm? 
(1 volt/meter)(ehc) = 1.973 x 10779 GeV? 
(1 tesla) (ec?) = 5.916 x 107!” GeV? 


A complete, up-to-date tabulation of the fundamental constants and the prop- 
erties of elementary particles is given in the Review of Particle Properties, 
which can be found in a recent issue of either Physical Review D or Physics 
Letters B. The most recent Review as of this writing is published in Physical 
Review D50, 1173 (1994). 
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Dp, see Feynman propagator 
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Decomposition of group representations, 
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6 (critical exponent), 441, 446-447 
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functional, 295 
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Democracy, functional, 276 
Derivative interactions, 80, 312, 399 
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Determinant, see Functional determi- 
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Differential cross section, see Cross 
section 
Dilatation current, 683 
Dimensional analysis of renormalizabil- 
ity, 80, 322, 402 
Dimensional regularization, 248-251, 
257, 333, 409, 524, 662, 681, 684, 
767, 807-808 
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theory, 465—466 
Dirac, P. A. M., 40 
Dirac algebra, see y” 
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Dirac field, 42-75 
bilinears of, 49-52 
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Dirac Hamiltonian, 52 
Dirac hole theory, 61, 658-659, 790 
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Dirac representation, 40—41 
reducibility of, 41-50 
Dirac spinors, 41, 803 
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Disorder, 460-461 
Dispersion relations, 619-621, 632-634 
Displacive phase transitions, 469 
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Distributions, xx—xxi 
1/(1—x)4, 581 
Divergence-free theories, 321, 797 
Divergences, see Infrared divergences, 
Ultraviolet divergences 
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Double logarithm, see Sudakov double 
logarithm, Two-loop diagrams 
Double-slit experiment, 276-277 
Double-well potential, 271, 349 
Drell-Yan process, 564-568 
Duality, particle-wave, 26 
Dyson, F., 82 


e (electron charge), xxi 
in GWS theory, 702 
e+e annihilation 
to muons or 7 leptons, 4, 131-153, 171 
to hadrons, 139-141, 259-262, 474, 
548-554, 615-621, 710-711, 728-729 
to scalars, 312, 750-754 
to WtW- , 750-757, 773 
Eg, E7, Eg (Lie algebras), 497, 681 
E|J] (vacuum energy), 365-367 
Eating, of Goldstone boson, 692, 744 
Effective action, 364-391, 443—444, 533, 
535-537, 720 
computation of, 370-379 
as generating functional, 379-383 
Callan-Symanzik equation for, 444 
Effective coupling constant, see Running 
coupling constant 
Effective field theory, 266, 800 
Effective Lagrangian, 396-403 
for W exchange, 559, 605 
Effective mass, 403, 600-603, 669-670 
Effective potential, 367-369, 375, 384, 
391, 443-445 
for O(N) ¢* theory, 376-379, 451-453 
for Coleman-Weinberg model, 469-470 


Electric dipole moment of neutron, 726 
Electromagnetic current, 18, 50-51, 705 
Electromagnetic field, 78-79 
quantization of, 79, 123, 124, 294-298 
in GWS theory, 701-702 
Electromagnetic field tensor, 33, 78, 
484-485, 492 
Electromagnetic potential, see Coulomb 
potential 
Electromagnetism, xxi, 33, 64, 473, see 
also QED 
Electron, 4, 124 
structure of, 575-587 
see also Cross sections, et e7 
tion, U(p) 
Electroweak theory, see GWS theory 
Energy functional, 365-367, 370, 372, 
379-380 
Energy, in EM field, 179 
Energy, infinite, 21 
Energy, negative, 26, 54 
Energy-momentum fractions, see Parton 
distribution functions 
Energy-momentum tensor, 19, 310, 430, 
682-685, 790-791 
symmetric, 642 
for electromagnetic field, 33, 683-685 
for QCD, 630, 642, 685 
Enhancements, see Logarithmic en- 
hancements 
e (4 — d), 250, 377, 449 
€ expansion, 436, 449 
EFYPT xx 
contraction identities, 134, 805 
Equal-time commutation relations, 20 
Equality of coupling constants, 514, 531 
Equation of motion, 16, 25 
for Green’s functions, 306-312 
for gauge field, 500 
Equivalence theorem, Goldstone boson, 
743-758 
Equivalent photon approximation, 
209-210, 579 
Estimation of divergent part of a dia- 
gram, 529 
n (critical exponent), 273-274, 441, 443, 
447, 466 
Euclidean space, 293, 394-395, 439, 807 
4-momentum in, 193 
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Euler-Lagrange equation, 16, 308 
Event shapes, 593-594 
Evolution equations, see Altarelli-Parisi 
equations 
Evolution of parameters, see Running 
coupling constant, Callan-Symanzik 
equation 
Evolution of parton distributions, 574- 
593, 644-647 
Exactly solvable field theories, 81, 405, 
791-794 
for large N, 463-465, 467 
Exotic contributions to anomalous 
magnetic moments, 210 
Experimental tests of quantum field 
theory, see Critical exponents, QED, 
QCD, GWS theory 
Exponentiation, 126, 207 
of disconnected diagrams, 96-98, 113, 
399 
Extended supersymmetry, 425, 796-797 
External field, 185, 292, 304 
Feynman rule for, 129 
External leg corrections, 113, 175, 195 
External lines, see Feynman rules 
External source, see Classical source 
Extreme limit q? — 00, 642-643 


fe(x) (distribution function of electron 
in electron), 580-581, 583 
J ¢(x) (distribution function), 477, 556 
f(x) (distribution function of photon in 
electron), 579, 583 
f+ (x) (distribution function), 632 
f(x) (distribution function), 635 
J (structure constants), 490, 495, 
498-499, 806 
fx (pion decay constant), 670-676, 687 
Fi (q?) (form factor), 186, 196, 230, 260, 
334 
infrared divergence, 199-200 
F4(q*) (form factor), 186, 196 
F4 (exceptional Lie algebra), 497 
F%, (matrix connecting currents to 
Goldstone bosons), 698-700, 718, 
739-742 
of SU(3), 502 
see also Lie algebra 
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Fav (field tensor) 
electromagnetic, 33, 78, 484-485, 492 
non-Abelian, 488-489, 494 
Faddeev-Popov Lagrangian, 514, 517 
Faddeev-Popov method, 295-298, 512- 
515, 533-534, 731-734, 741, see also 
Ghosts 
Fermi constant, see G p 
Fermi-Dirac statistics, 57, 120, 313, 
546-547 
Fermion couplings, in GWS theory, 
703-705 
Fermion loops, 120, 801 
Fermion masses, 723 
in GWS theory, 704, 713-715 
Fermion minus signs, 116, 119-120 
Fermion number nonconservation, 657— 
659, 686-687 
Fermion self-energy, see X(p) 
Fermion-antifermion annihilation, see 
ete~ annihilation, Cross section 
Fermion-fermion scattering 
nonrelativistic, 121-123, 125-126 
in broken gauge theory, 735-737 
Fermions and antifermions, 59 
Feynman rules for, 115-120 
Ferromagnets, see Magnets 
Feynman, R. P., 82, 275, 476 
Feynman boundary conditions, 31, 95, 
287-288 
Feynman diagrams, 3, 5, 211 
for correlation functions, 90-99 
for scattering amplitudes, 109-115 
general procedure for evaluating, 138 
relation to S-matrix, 229 
optical theorem for, 232-236 
for computing functional determi- 
nants, 304-305 
for computation of Veg, 375 
see also Feynman rules, Perturbation 
theory 
Feynman gauge, 297, 416, see also 
Feynman-’t Hooft gauge 
Feynman parameters, 189--190, 342, 806 
Feynman prescription, see Feynman 
boundary conditions 
Feynman propagator, 31, 63, 213, 287— 
288, 293, 302 


Feynman rules, 5, 8, 94-95, 114-115, 
801-803 
position-space, 94, 114 
momentum-space, 95, 115 
symmetry factors, 93, 118 
for correlation functions, 94-95 
for scattering amplitudes, 114-115 
for interaction with an external field 
129, 304 
for counterterms, 325, 331-332, 528 
functional derivation of, 284-289 
for ¢* theory, 94-95, 114-115, 325, 
801 
for Yukawa theory, 118 
for QED, 123, 303, 331-332, 801-802 
for scalar QED, 312 
for linear sigma model, 353-354 
for nonlinear sigma model, 455-456 
for non-Abelian gauge theory, 506- 
508, 514-515, 528, 802-803 
for scalar non-Abelian gauge theory, 
544 
for Abelian Higgs model, 734-735 
for broken gauge theory, 742 
for GWS theory, 716, 743, 752-753 
Feynman-’t Hooft gauge, 513, 535, 640, 
732, 737-738, 746, 749-750 
Fictitious heavy photons, see Pauli- 
Villars regularization 
Field operator, 20 
interpretation of, 24, 26 
Field rescaling, see Field-strength 
renormalization 
Field tensor, see Fy, 
Field-strength renormalization, 211-230, 
408-410, 417, 421-422 
for electron (Z2), 216, 220-221, 330- 
335 
for photon (Z3), 246 
for ¢* theory, 328-329, 345 
for Yukawa scalar, 330 
for non-Abelian gauge theory, 531-533 
for local operators (Zo), 429-432 
see also Counterterms 
Fierz transformations, 51-52, 75, 170, 
607-609, 805 
Fine-structure constant, see a 
Finite quantum field theories, 425 


, 


First-order phase transition, 269-270 
Fixed point (of renormalization group), 
401-405, 424-426, 791-793 
free-field, 401-403, 407 
and critical exponents, 443 
Wilson-Fisher, 405, 435, 439, 441, 445, 
448-449, 454, 461-462, 466 
effect on operator product expansion, 
614 
see also Renormalization group, 
Running coupling constant 
Flavor (of quarks), 139, 259, 546 
Flavor mixing, 714-715 
Flavor symmetry, 670-671 
Flavor-changing neutral currents, 725 
Flipped spinor, 68 
Flow of coupling constant, 420 
Flow of Lagrangian, 401 
Fluctuations, 294, 393-394, see also 
Correlation length 
Fluids, 266, 437, 439 
Forces of Nature, symmetries of, 64, 
719-727 
Form factors 
for QED current, 184-188, 208-209, 
229 
for axial vector current, 671-672 
for deep inelastic scattering, 625, 
647-648 
Forward Compton amplitude, 623-627 
Forward polarization, 511 
Forward scattering amplitude, 230-232 
Forward-backward asymmetry, 711-712 
4r, factors of, xxi 
Four-gauge-boson vertex, 507 
Four-momentum, xix, 212-213 
Four-photon amplitude, QED, 320, 344 
Four-point function, see Correlation 
functions, Asymptotic behavior of 
amplitudes 
Four-vectors, xix 
built out of spinors, 72 
Fourier transforms, xx—xxi 
Fourth neutrino species, 729 
Fractional charges, 546, 786 
Free energy, 364-367, see also Gibbs free 
energy 
Free field theory, 19-29, 404, 458 
Free-field fixed point, 439, 441 
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Frequency, positive/negative, 26, 45, 48 
Fujikawa’s derivation of axial vector 
anomaly, 664-667 
Functional, 276 
Functional delta function, 295 
Functional derivative, 276, 289-290 
Functional determinant, 287, 295, 304— 
305, 313, 371-375, 391, 512-514, 
517, 535-540 
from Gaussian integration, 301 
methods for evaluating, 304, 374 
Functional integral, 275-314, 394-400, 
458, 503, 512-514, 534 
methods for evaluating, 284-288, 
299-301, 370-373 
momentum slicing, 395-399 
chiral transformation of, 664-667 
lattice definition, 783-785 
Functional quantization 
of scalar fields, 282-292 
of spinor fields, 298-303 
of gauge fields, 294-298, 512-515, 
733-734, 741-743 
Fundamental constants, 809-810 
Fundamental representation, 499, 501 
Furry’s theorem, 318 


g (Landé g-factor), 188, see Anomalous 
magnetic moment 
Gə (exceptional Lie algebra), 497 
Gp (Fermi constant), 559, 708, 760-763, 
809 
y (Callan-Symanzik function), 410-417, 
427 
for operators, 428-435, 604, 612-615 
matrix, 430, 610-611, 615 
for $* theory, 413, 466 
for linear sigma model, 448 
for nonlinear sigma model, 457, 464 
for QED, 416 
for ¢7, 432, 448 
for currents, 432, 602 
for Gq, 601 
for nonleptonic weak interactions, 611 
for twist-2 operators, 636, 640 
for proton decay operator, 647 
y (critical exponent), 441, 447 
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y (Euler-Mascheroni constant), 250, 377 
y” (Dirac matrices), 8, 40-41, 803 
traces of, 132-135, 805 
contraction identities, 135, 805 
contraction identities in d dimensions, 
251, 808 
in two dimensions, 652 
in d dimensions, 251 
see also Fierz identities 
7° (chirality matrix), 50 
traces including, 134, 805 
in d dimensions, 662, 667, 681-682, 
767 
see also Axial vector anomaly 
T(x) (Gamma function), 250, 807 
T[ġa] (effective action), 366-367 
Gauge boson mass, see Higgs mechanism 
Gauge dependence, 416, 526, 601 
Gauge field, 79, 295, 481-491, see also 
Gauge invariance, Photon, H#” (q) 
Gauge hierarchy problem, 788 
Gauge invariance, 78-79, 244, 295, 
481-494, 533, 689-777 
of S-matrix, 298 
and axial current conservation, 651, 
658 
Gauge transformation, 78, 482-491 
Gauge-covariant derivative, see Covari- 
ant derivative 
Gauge-dependent mass, 734 
Gauge-fixing function, 295-296, 733, 
741, see also Faddeev-Popov method 
Gaugino, 796 
Gauss’s law, for non-Abelian gauge 
theory, 542 
Gaussian integrals, infinite-dimensional, 
279, 285, 300-301, see also Func- 
tional integration 
Gell-Mann, M., 545-546 
Generalized couplings, 433-435, 442 
Generating functional, 379-383 
of Green’s functions, 290-292, 302 
of connected correlation functions, 380 
of 1PI correlation functions, 383 
Generations of quarks and leptons, 707, 
714-715, 721 
Generators of a Lie algebra, 38, 490, 495 
of Lorentz transformations, 71-72 
see also Lie algebra 


Geometric series, in self-energy dia- 
grams, 220, 228 
Geometry, discrete or nonlocal, 798-800 
Georgi-Glashow model, 696, 794 
Ghosts, 514-521 
interpretation of, 515-517 
in Abelian Higgs model, 734 
in non-Abelian Higgs theories, 742-743 
see also BRST symmetry, Faddeev- 
Popov method, Feynman rules 
Gibbs free energy, 269-271, 293, 364- 
367, 443, 445-446 
Callan-Symanzik equation for, 445 
Glashow, S., 700 
Glashow-Weinberg-Salam theory, see 
GWS theory 
Global aspect of nonconservation of 
axial current, 657-659 
Global properties of Lie groups, 496 
Gluons, 127, 259, 476, 480, 547 
polarization sums, 571 
spin of, 596 
see also Cross sections, Parton distri- 
bution functions, Twist-2 operators 
God-given units, xix 
Goldberger-Trieman relation, 672 
Goldstone boson, 267, 351-352, 455, 460, 
690-700, 672, 718, 731-732, 741-743, 
see also Higgs mechanism 
Goldstone boson equivalence theorem, 
743-758 
Goldstone’s theorem, 351-352, 363, 388, 
669-670, 699 
Gordon identity, 72, 186, 192 
Graininess of spacetime, 402 
Grand unification, 681, 786-791, 799 
scale of, 786-787, 797 
Grassmann numbers, 73, 298-302, 518 
Gravitational anomaly, 681, 706-707 
Graviton, 126, 798-799 
Gravity, 64, 402, 683, 787-791, 795-800 
Greek indices, xix 
Green’s function 
retarded, 30, 32, 62--63 
Feynman, 31, 63 
for Klein-Gordon equation, 30-32, 503 
for Dirac equation, 62-63 
for interacting fields, 82, 406-422 
see also Correlation functions 


Greenberg, O., 546 
Gribov-Lipatov equations, xvi, 586-587, 
see also Altarelli-Parisi equations 
Gross, D. J., 479, 531 
Gross-Neveu model, 390-391, 438, 792 
Ground state, 20-22, 82, 86, see also 
Vacuum 
Group theory relations, 495-502, 805- 
806 
use in diagram computations, 523, 
529-530, 569-572 
Groups, continuous, 38, 486, 495 
GUT, see Grand unification 
GWS (Glashow-Weinberg-Salam) theory 
of weak interactions, 474, 677, 689, 
700-719, 740, 742-743, 747-775 
experimental tests of, 707-713, 771- 
772 
stripped-down version, 735 
symmetries of, 64, 719-727 
see also W, Z, Higgs boson, Fermion 
masses, Gauge boson masses 


Hadron-hadron collisions, 563-573, 785 
Hadrons, 473, 546-547, 552, 782 
Hall effect, quantum, 197-198 
Hamiltonian, 16, 19 
Dirac, 58 
abandoning of, 283 
see also Analogies to statistical me- 
chanics 
Han, M., 546 ` 
Harmonic oscillator, 20, 313 
ħ, as unit of action, 277 
h.c. (Hermitian conjugate), xx 
Heaviside step function, xx 
Heaviside-Lorentz units, xxi 
Heavy quarks 
as constituents of proton, 559, 643 
photoproduction of, 597 
radiative corrections from, 688, 760- 
772 
Heisenberg equation of motion, 25 
Heisenberg picture, 20, 25, 283 
Helicity, 47 
projection operators, 142 
dependence of ptu production, 
141-146 
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Helicity conservation, 142, 166 
Helium, superfluid, 267, 437 
Helmholtz free energy, 364-367 
Hepp, K., 337-338 
Hidden symmetry, 347 
Hierarchy problem, 788 
Higgs boson, 210, 715-717, 740, 743 
mass, 716 
couplings to fermions, 721 
decays of, 775-777 
production in hadron collisions, 777 
effect on radiative corrections, 712, 
772, 774 
origin of, 787-789 
Higgs field, 734 
vacuum expectation value, 701, 719 
in model with two doublets, 729-730 
in supersymmetric models, 797 
Higgs mechanism, 470, 690-700, 744-747 
gauge boson masses from, 693, 700 
vacuum polarization and, 691, 698-700 
see also Gauge invariance, Unphysical 
degrees of freedom 
Higgs sector, 717-719, 726, 760, 789, 798 
symmetries of, 721 
High-momentum degrees of freedom, 
393-406 
History of quantum field theory, xv 
Holes as antiparticles, 61, 658 
Horrible products of bilinears, 52 
HRS experiment, 169, 256 
Hydrodynamic-bacteriological analogy, 
418-420 
Hydrogen, see Atomic energy levels 
Hydrogen maser, 197 
Hyperboloid of 4-momentum vectors, 24 
Hyperboloids in energy-momentum 
space, 212-213 
Hyperfine splitting, 197-198 


ie in functional integrals, 286 

Identical particles, 22, 108 

Imaginary part of scattering amplitude, 
230-237, 253, see also Analytic 
properties of amplitudes 

Impact parameter, 103 

Improper Lorentz transformation, 64 
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In states, see Asymptotic states 
Inconsistencies, in vector field theories, 
81, 508-511, 757-758 
Infinitesimal group element, 495 
Infinities, see Infrared divergences, 
Ultraviolet divergences 
Infrared divergences, 55, 176, 184, 195, 
260-262, 550, 553, 574 
of electron vertex function, 199-202 
of electron self-energy, 217 
interpretation of, 202-208 
regulator for, 195, 207, 217, 361 
Infrared-stable fixed point, 427, 435 
Initial conditions, see Altarelli-Parisi 
equations 
Instantons, 794 
Integrals 
in d dimensions, 249-250, 807 
over anticommuting numbers, 299-301 
Interaction picture, 6, 83-87 
Interactions among vector fields, 489, 
491 
Interactions found in Nature, 79, 473 
Interactions, effect on single-particle 
states, 109 
Interchange identities, see Fierz transfor- 
mations 
Interference phenomena, in condensed- 
matter systems, 197-198 
Internal lines, 5, 8 
Interpolation of Vag, 368-369 
Interpretation of field operator, 24, 26 
Invariant mass distribution for jet 
production, 572-573 
Invariant matrix element (M), see 
S-matrix, scattering amplitude 
Inverse Compton scattering, 167 
Inverse propagator, 381, 383 
Invisible decays of Z boson, 728-729 
Irreducible representation, 498, 501-502 
Irrelevant operators, 402, 407, 443, 451, 
485 
Isospin singlet axial current, 673-674 
Isospin, 127, 486, 546, 611, 668, 670, 719 
Isotriplet currents, 668 
Isotropic magnets, 437 
ITEP sum rules, 620-621 


J(x) (source term in £), 290 

J/w particle, 141, 152, 593-594 

Jackiw, R., 370 

Jacobi identity, 495-496, 499, 597 

Jets of hadrons, 140, 261, 476, 553-554 
in hadron collisions, 568-573 

Jona-Lasinio, G., 668 

Josephson effect, 197-198 


K meson, 259, 612, 725 
Kallén-Lehmann spectral representa- 
tion, 214, 619, see also Analytic 
properties of amplitudes 
Killing, W., 496 
Kinematics, 104 
for ete annihilation, 136 
for Compton scattering, 162-164 
for deep inelastic scattering, 476-477 
for hadron-hadron collisions, 565-568 
for collinear particle emission, 576-578 
for massive vector bosons, 745 
Klein-Gordon equation, 13, 17, 25 
Lorentz invariance of, 36 
complex, 18, 75-76 
see also Feynman rules, scalar field 
Klein-Gordon Lagrangian, 16 
Klein-Nishina formula, 163 


L subscript, 605 
L3 experiment, 711 
Lab frame, 162 
Ladder operators, 26, 58, 123 
Lagrange equation, 16 
Lagrangian, 15, 35 
fundamental significance, 283, 466, 
798-800 
most general gauge-invariant, 485, 489, 
720-722 
Klein-Gordon, 16 
Dirac, 43 
Maxwell, 37 
for ¢* theory, 77 
for QED, 78, 483 
for scalar QED, 80 
for Yukawa. theory, 79 
for linear sigma model, 349-350 
for nonlinear sigma model, 454-455 
for non-Abelian gauge theory, 489, 491 


Lagrangian, cont. 
for GWS theory, 704, 715-716, 720- 
724 
see also Effective Lagrangian 
Lagrangian density, 15 
Lagrangians, space of, 401 
Lamb shift, 197-198, 253 
A (coupling constant), 77 
A (cosmological constant), 790 
Ax (fixed point), 426 
Ae (electron-Higgs coupling), 713 
A (ultraviolet cutoff), 80, 194 
A (QCD scale), 552 
Landé g-factor, see Anomalous magnetic 
moment 
Landau gauge, 297, 470, 529 
Landau theory of phase transitions, 
269-272, 293, 436, 439, 447, 450 
Landau-Ginzburg free energy, 470 
Large-distance behavior of QCD, 548, 
782-785 
Large-N limit, 463-465, 467 
Laser, polarized, 167 
Lattice gauge theory, 547-548, 782-785 
Lattice statistical mechanical models, 
449-451 
Least action, principle of, 15 
Lee, B., 347 
Left-handed current, 51 
Left-handed particle, 6, 47 
Left-handed spinors, 44 
Left-handedness of W couplings, 559- 
560, 703 
Left-moving fermions, 652 
Legendre transform, 365-366, 370 
Lehmann, H., 222 
Lehmann spectral representation, 214 
Length contraction, 23 
Lepton number conservation, 727 
Lepton pair production in hadron 
collisions, 564-568 
Leptons, 473, 726-727 
Lie algebras, 38, 495-504 
classification of, 496 
see also Group theory relations, 
Groups 
Lifetime, see Decay rate 
Light-cone, 14 
Lightlike polarization states, 511 
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Linear sigma model, 127-128, 349-363, 
373-379, 385-387, 389-390, see also 
Feynman rules 

Liquid crystals, 367 

Liquid-gas critical point, 449-450 

Liquid-gas transition, 267, 272-274 

Local conservation laws, 18 

Local divergence, 337 

Local phase rotation, see Gauge trans- 
formation 

Local symmetry, see Gauge invariance 

Locality of ultraviolet divergences, 386 

Logarithm of a dimensionful quantity, 
251 

Logarithmic enhancements 

in Compton scattering, 164 

in bremsstrahlung, 184, 200-202, 
207-208 

from multiloop diagrams, 341, 422, 
551 

in corrections to Veg, 378-379, 451- 
453 

from mass singularities, 574-575, 579 

from QCD, 603-612, 647 

Long-range correlations, 395, 442, see 
also Correlation length 

Longitudinal fraction, 477, 555 

Longitudinal polarization, 161, 481 

of massive gauge boson, 692, 732, 743 
see also Higgs mechanism, Goldstone 
boson equivalence theorem 

Longitudinal rapidity, 566 

Longitudinal W production, 754 

Loop diagrams, 12, 401, see also One- 
loop diagrams 

Loop integrals, evaluation of, 189-195, 
806-808 

Loops of fermions, 120 

Lorentz algebra, 39 

Lorentz contraction, 23 

Lorentz gauge, 79, 123, 178, 295, 737, 
745 

generalized, 296, 513 
Lorentz group, 7, 38, 71-72 
Lorentz invariance, 35, 186, 212 
of Dirac equation, 42 
violation by gauge fixing, 544 
Lorentz transformations, 35-47 
of Dirac field, 42, 59 


830 Index 


Lorentz-invariant 3-momentum integral, 
23 

Low-energy hadronic interactions, 782 

Lowering operators, 497 

LSZ (Lehmann-Symanzik-Zimmermann) 
reduction formula, 222-230 


m(Q) (running mass parameter), 600- 
603 
mz (Z boson mass), 593 
M (renormalization scale), 377-378, 
407—408, 410-417 
M?(p) (scalar self-energy), 227-228, 
236-237, 328-329 
two-loop contribution, 345 
in linear sigma model, 361-363 
sign convention for, 228 
M (scattering amplitude), 104 
Magnetic field, 179, 269, 292, 293, 364— 
367 
Magnetic moment, see Anomalous 
magnetic moment 
Magnetic monopole, 794 
Magnetic susceptibility, 266, 441, 446- 
447 
Magnetization, 269, 364-367, 440, 441, 
446, 788 
Magnets, 266-274, 293, 347, 364-367, 
406, 439, 449-450, 783, 788, 792 
symmetry of, 437-438 
in d > 4, 404 
see also Analogies to statistical me- 
chanics 
Majorana equation, 73 
Majorana fermions, 73-74 
Majorana mass term, 73, 678, 726-727 
Mandelstam variables, 156-158, 162, 
170, 476 
at parton level, 557 
Marginal operators, 402, 407, 451, 454 
Mass(es) 
table of values, 809 
bare vs. physical, 214 
of an unstable particle, 237 
relation to correlation length, 273 
derived from effective action, 383 
of o, m fields, 348-352, 355, 363 
of quarks, 599-603, 670-671 


Mass(es), cont. 
of top quark, 772 
of z meson, 670 
of nucleon, 672 
of hadrons, 782, 785 
of vector field, 81, 470, 484-485, 758 
of photon in two dimensions, 653, 791 
of W and Z bosons, 701, 703, 710, 
712, 740, 762 
of unphysical particles, 733-734 
of fundamental fermions, 713-715, 
723, 789-790 
of neutrinos, 714-715, 726 
of Higgs boson, 716 
see also Higgs mechanism 
Mass matrix, in scalar field theory, 
351-352 
in broken gauge theory, 693, 700 
Mass operator, 402, 406, 431-436, 442 
Mass renormalization, 220-221, 227-228, 
328-333, 397, 408-409, 431-436 
in classical electrodynamics, 221 
in supersymmetric models, 796 
see also M?(p), U(p), H#”(q) 
Mass scale, arbitrary, see Renormaliza- 
tion scale 
Mass shell, 33 
Mass singularities, 554, 574-575, 579, 
587-588 
Massive gauge bosons, 689-777 
propagator for, 734 
see also W boson, Z boson 
Massive vector boson, 173-174 
Massless particles, 128, 267-268, 350- 
352, 388, see also Goldstone boson 
Matrix element, see Scattering ampli- 
tude 
Maxwell construction, 368-369 
Maxwell’s equations, xxi, 3, 33, 37, 
78-79, 177, 474, 500 
Measure of functional integral, 276-279, 
281-282, 285 
chiral transformation of, 664-667 
Measurement, 28 
Meissner effect, 692 
Mermin-Wagner theorem, 460—461 
Mesons, 546-549 
Metastable vacuum state, 368-369 
Metric tensor, xix 


Minimal coupling, 78, 473 

Minimal subtraction, see MS 

Minimum of effective potential, 378-379 
Minus signs for fermions, 116, 119-120 
Miracle, 353-354 

Mixing 

of operators, 430, 610-612, 615 

of quark flavors, 605, 714-715, 722 
Model quantum field theories, 791-794 
Møller scattering (e~ e~ scattering), 157 
Moment sum rules, 634, 641-643 
Momentum, canonical, 16 

Momentum conservation in diagrams, 
111 

Momentum cutoff, see Cutoff 
Momentum density, 16 

Momentum operator, xx, 19, 26, 58 
Momentum scale, for evaluating as, 552, 
554, 568, 573 

Momentum sum rule for parton distribu- 
tions, 563, 644 

Momentum transfer, in hadron colli- 
sions, 475 

Momentum-space Feynman rules, see 
Feynman rules 

Monte Carlo method, 785 

Mott formula, 169-170, 209 

MS (modified minimal subtraction), 
377, 391, 470, 593 

Multiloop diagrams, 335-345 
asymptotic behavior, 341, 344-345 
Multiparticle branch cut, see Analytic 
properties of amplitudes 

Multiple photon emission, 202-207, 
582-584 

Multiplets of leptons and quarks, 707 
Muon, 4, 131, 335, 473, see also Anoma- 
lous magnetic moment 

Muon decay, 709, 727 

radiative corrections to, 760-761, 763 
Muon neutrinos, 559 

Muon-proton scattering, 555 
Muonium, hyperfine splitting, 197-198 
Mythology, xvi 


N (number of spin components), 437 
Nambu, Y., 546, 668 
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Naturalness, see Delicate adjustments, 
Zeroth-order natural relations 
Ne’eman, Y., 546 
Negative degrees of freedom, 517, 520 
Negative energy, 13, 26, 54, 658, 790 
Negative frequency, 48 
Negative mass squared, 348 
Negative norm, 79, 124, 161, 481, see 
also BRST symmetry, Unphysical 
degrees of freedom 
Nested divergences, 335-338 
Neutral-current weak interactions, 
709-712, 729 
Neutrinos, 473, 559-561, 704, 729 
mass, 714-715, 726 
number of, 729 
see also Deep inelastic scattering 
Neutron, 546, 562, 671 
Compton wavelength, 197-198 
electric dipole moment, 726 
Nilpotent operator, 519 
Noether’s theorem, 17, 60, 308-310, 683, 
see also Current, Symmetry 
Non-Abelian gauge symmetry, see Gauge 
invariance 
Non-Abelian gauge theories, 81, 479- 
480, 486-491, 505-548, 692-700, 
739-743 
on-Abelian group, 487 
oncompact group, 41 
onleptonic decay, 605 
onlinear sigma model, 454-467, 793, 
see also Asymptotic freedom, Feyn- 
man rules 
Nonlinear terms in Lagrangian, 77 
Nonlocal divergence, 337, 343-344 
Nonorthochronous transformation, 64 
Nonperturbative methods, 405, 782-785, 
791-794 
Nonperturbative QCD, 612, 782-785 
Nonrelativistic bound states, 148 
Nonrelativistic expansion of spinors, 187 
Nonrelativistic quantum mechanics, 
275-282 
Nonrenormalizable interactions, 321- 
322, 399, 434, 485 
Nonuniversal correction, 466 
Nordsieck, A., 202 
Norm, see Negative norm 


ZAAzA 
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Normal order, 88, 116 

Normalization of distribution functions, 
562-563 

Normalization of spinors, 45-48 

Normalization of states, 22, 149 

Notation, xix-xxi 

v (critical exponent), 436-437, 440-441, 
443, 447, 449, 462, 465 

v (kinematic variable in deep inelastic 
scattering), 633 

Nuclear force, 122 

Nucleon, 79, 671-672 

Numerical computations of quarkonium 
spectra, 593-594 

Numerical lattice calculations, 785 


O(2), 389, 438 
O(3), 486, 496 
O(4), 127, 719 
O(N), 74, 349, 351, 454-455, 497 
O(N)-symmetric ¢* theory, see Linear 
sigma model 
Oblique corrections, 761 
Odd parity, 67 
w (critical exponent), 466 
Q (vacuum of interacting theory), 82, 86 
On-shell particle, 33 
One-loop corrections 
to electron scattering, 211 
in GWS theory, 758-772 
One-loop diagrams, computation of 
in QED, 189-196, 216-218, 247-252, 
332-334 
in ¢* theory, 326-330 
in linear sigma model, 356-363 
in non-Abelian gauge theories, 521- 
533 
1PI (one-particle-irreducible) diagrams, 
219, 228, 245, 328, 331, 381-383, 
408, see also Callan-Symanzik 
equation, Effective action 
One-particle states, Dirac, 59 
One-point amplitude 
in QED, 317-318, 344 
in linear sigma model, 355, 360-361 
OPAL experiment, 711 
OPE, see Operator product expansion 
Operator mixing, 430, 638, see also y 


Operator product expansion, 612-649, 
see also Callan-Symanzik equation 
Operator rescaling, 429-432, see also y 
Operators, relevant vs. irrelevant, 402, 
407 
Optical theorem, 230-237, 257, 511-512, 
515, 616, 622-623, see also Analytic 
properties of amplitudes 
Orbital angular momentum, 60-61 
Order parameter, 269, 273 
Orthochronous transformation, 64 
Orthogonal group, see O(N) 
Orthogonality of spinors, 48 
Oscillations in total cross section, 621 
Out states, see Asymptotic states 
Overlapping divergences, 335-338 


P (parity), 65-67, 71, 75-76, 185, 344- 
345, 485, 720-727 
in gauge theories, 676 
violation in weak interactions, 64, 709, 
712 
Pair annihilation, see ebe~ 
Cross section 
Pair creation, 13 
Paradigm interactions, 77-79 
Paradigm reaction, 131 
Parasiuk, O., 337-338 
Parity-violating deep inelastic form 
factor, 647-649 
Partial-wave analysis, 750 
Particle-wave duality, 26 
Particles, as field excitations, 22 
Partition function, 292, 312-314, 364, 
367 
Parton distribution functions, 477-478, 
556, 562-563, 588-593, 621-622, 632, 
634-635 
for proton, 562-563 
for neutron, 562 
for photon, 649 
antiquark component, 561, 562-563, 
588 
gluon component, 562-563, 588, 777 
evolution of, 574-593, 644-647 
at small x, 597-598 
see also Altarelli-Parisi equations 


annihilation, 


Parton model, 476-480, 547, 556-557, 
597, 625-627, 648 
Path dependence of comparator, 491- 
494 
Path integral, 275-282, see also Func- 
tional integral 
Path ordering, 493, 504 
Pauli sigma matrices, xx, 34, 804 
Pauli, W., 58 
Pauli-Villars regularization, 194, 218, 
248, 257, 662, 686, 688 
Periodic boundary conditions, 657-658, 
687 
Perturbation theory, 5, 77, 82 
in quantum mechanics, 5-6 
for correlation functions, 87 
validity of, 401, 405-406, 422, 425, 
552, 554 
Phase, C’P-violating, 724-726 
Phase diagram, for a ferromagnet, 270 
Phase invariance, local, 482 
Phase rotation, 78, 496 
Phase space, 106, 137 
two-body, 808 
three-body, 260-261 
Phase transitions, 268-274, 791, see also 
Critical exponents, Critical point 
$* theory, 77, 82-99, 109-115, 289, 
323-329, 439-440 
Feynman rules for, 94-95, 114-115, 
325, 801 
two-particle scattering in, 109-112 
divergences of, 324 
one-loop structure, 326-329 
spontaneously broken, 348 
renormalizaton group analysis, 394- 
406 
existence of, 404 
mass renormalization of, 409 
limit mg — oo, 454-455 
see also Linear sigma model 
¢ê interaction, 398 
c (classical field), 366-367, 370 
Photon, 6, 78-79, 701-702 
see also Bremsstrahlung, Compton 
scattering, Electromagnetic field, 
Feynman rules, II(q*) 
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Photon distribution function, 579, 583 
Photon mass, 81, 653, 690-691 
as infrared regulator, 195 
induced by bad regulator, 248 
Photon polarization sums, 159-160 
Photon self-energy, see II” (q) 
Photon sources, polarized, 167 
Photon structure functions, 649 
Photon-photon scattering, 210, 320, 344 
Photoproduction of heavy quarks, 597 
Physical charge and mass, 214, 246, 266, 
331, 423 
Physical constants, 809-810 
Physical parameters of a quantum field 
theory, 325 
Physical pole in two-point function, 408 
x meson, 79, 122, 128, 259, 475, 669-676 
as Goldstone boson, 669-671 
coupling to nucleon, 672 
decay of r+, 687 
decay of x°, 674-676 
z” (field of sigma model), 350 
r? (Goldstone boson field), 698, 718 
[] symbol, symbolic use of, 103, 278 
TI(q?) (QED vacuum polarization 
amplitude), 176, 245-256, 331-333 
contribution of scalars, 312 
Tl#” (q) (gauge boson self-energy), 244- 
256, 320, 522-526 
in two-dimensional QED, 653-655 
in Higgs mechanism, 691, 693-694, 700 
in GWS theory, 718, 761-771 
sign convention for, 762 
Il, (hadronic vacuum polarization), 
616-620 
Pictures, 
Heisenberg and Schrödinger, 20, 283 
interaction, 83 
Pion decay constant, see fr 
Pion, see 7 meson 
Planck scale, 787, 798-800 
Plane waves, xx 
Plane-wave solutions, Dirac, 45-48 
Poisson distribution, 127, 208 
Polarization asymmetry, see At R 
Polarization of fermions, 4, 141 
sums over, 48-49, 575, 804 


834 Index 


Polarization of photons and vector 
bosons, 123, 145-146, 511, 748-749 
sums over, for photons, 159-160 
sums over, for gluons, 571 
sums over, for massive vector bosons, 
260, 748-749 
of intermediate-state photons, 576 
of intermediate-state gluons, 589 
see also Longitudinal polarization, 
Timelike polarization, Unphysical 
degrees of freedom 
Polarized laser, 167 
Pole at d = 2, 251, 524-525 
Poles in dimensional regularization, 250 
Poles in two-point function, 215-216 
Politzer, H. D., 479, 531 
Polyakov, A. M., 458, 533 
Position-space Feynman rules, 94 
Positive frequency, 45, 48 
Positive norm, 124 
Positronium 
annihilation rates, 171-172, 197-198 
energy levels, 197-198 
selection rules for, 76 
Potential, double-well, 349 
Potential, electromagnetic, xxi 
Potential, for spontaneous symmetry 
breaking, 348-350 
Potential functions 
Yukawa, 121-123 
Coulomb, 125, 253-255 
Power laws, see Anomalous dimensions, 
Critical exponents 
Poynting vector, 33 
Predictions, unambiguous, 387 
Pressure, 292 
Price of asymptotic freedom, 543 
Principle of least action, 15 
Probability of scattering, 104-105 
Products of group representations, 
501-502 
Projection 
onto helicity states, 142, 804 
onto transverse polarization states, 
245 
Propagation amplitude, 13, 27, 34 
Propagator (Feynman), 92 
Klein-Gordon, 29-31 
Dirac, 62-63, 302, 506 


Propagator, cont. 
photon, 123-124, 294, 297 
non-Abelian gauge field, 506, 513 
ghost, 514-515 
massive gauge boson, 734, 742 
unphysical bosons, 735, 742 
in background field, 504 
see also Feynman rules 
Propagator, interaction picture, 84, see 
also Time-evolution operator 
Proper Lorentz transformation, 64 
Proton, 197, 486, 475, 546, 564, 588, 622 
form factors, 188, 208-209 
decay, 647 
see also Parton model, Parton distri- 
bution functions 
Pseudo-scalar, 50, 66, 71 
Pseudo-vector, 50, 66, 71 
Pseudoreal representation, 499 
Pseudoscalar operators, 720 
Ņ% particles, 593-594 


Q? (momentum transfer in deep inelas- 
tic scattering), 477, 555 
QCD (Quantum Chromodynamics), 
139-140, 259-260, 545-649, 677-678 
use of perturbation theory in, 551-554 
elementary processes of, 568-572 
experimental tests of, 593-595 
chiral symmetries of, 667-676 
strong-coupling regime, 547-548, 
782-785 
see also as, Parton model, Quarks, 
Strong interactions 
QED (Quantum Electrodynamics), 3, 
78, 303, 482-486 
scope of, 3 
elementary processes of, 131-174 
radiative corrections in, 175-210, 
216-222, 244-258 
scalar, 312 
precision tests, 196-198 
renormalization of, 318-320, 330-335, 
344 
evolution equations for, 586-587 
in d dimensions, 320-321 
in two dimensions, 651-659, 791 


QED, cont. 
see also a, Cross section, Electro- 
magnetic field, Gauge invariance, 
Photon 
Quadratic divergence in self-energy, 409, 
525 
Quantization 
of Klein-Gordon field, 19-24 
of Dirac field, 52-63 
see also Functional quantization 
Quantization, second, 19 
Quantum Chromodynamics, see QCD 
Quantum Electrodynamics, see QED 
Quantum field theory, xi 
necessity for, 13 
domain of, 798-800 
Quantum gravity, 402 
Quantum mechanics, xx, 275-282 
Quantum statistical mechanics, 312-314 
Quark-gluon scattering, 572-573 
Quark-quark potential, 782, 784 
Quark-quark reactions, 568-573, 573, 
596 
Quarkonium, 152 
decays, 593-594 
spectra, 593-594, 785 
Quarks, 127, 139-140, 473, 474, 476, 
546-548, 559 
masses of, 599-603, 670-671 
number of in proton, 635 
production in ete~ annihilation, 
139-140 
weak interactions of, 428-429 


R (ratio of hadronic to leptonic cross 
sections), 141, 593-594, 622, see also 
ete™ annihilation 

R unit (annihilation cross section), 140, 
809 

Re gauges, 731-743 

Radiative corrections, 9, 175-176, 256 

see also QED, QCD, GWS theory 

Raising and lowering operators, 497 

Ralston, J., 597-598 

Ramsey, N., 197 

Range of Yukawa force, 122 

Rapidity, 46, 565 

Rapidity, longitudinal, 566 
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Real representation, 498 
Rearrangement identities, see Fierz 
transformations 
Reducibility of Dirac representation, 50 
Reducible representation, 43, 498 
Redundancy, in functional integration 
over gauge fields, 295 
Regularization, 194-195 
effect on symmetries and conservation 
laws, 248-249, 257, 654-655, 662, 
679, 682, 686 
see also Cutoff, Dimensional regular- 
ization, Pauli-Villars regularization, 
Infrared divergences 
Relativistic invariance, 3, 35 
Relativistic quantum mechanics, 13 
Relativistic wave equations, 13 
Relativistically invariant phase space, 
106 
Relativity, xix 
Relevant operators, 402, 407, 443 
Renormalizability, xv, 79-80, 265, 321- 
323, 407 
proof of, 417-418 
of non-Abelian gauge theories, 521, 
738 
Renormalizability gauges, 738 
Renormalization, 211-222, 244-256, 
315-345 
and spontaneously broken symmetry, 
347, 352-363, 383-388 
of local operators, 428-432 
beyond leading order, 335-345 
Renormalization conditions, 325, 527, 
532 
for $4 theory, 325, 328, 408 
for QED, 332 
for linear sigma model, 355 
for GWS theory, 711-712, 758-761 
MS, 377, 391, 470, 593 
at spacelike p, 407-410 
Renormalization group, 401-406, 424- 
428, 432-435 
and critical exponents, 442-447 
in QCD, 551-554, 599-615 
Renormalization group equation, 420, 
424-426, 786 
see also Callan-Symanzik equation, 
Running coupling constant 
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Renormalization group flow, 401-406, 
417, 422, 466 
Renormalization group improvement of 
perturbation theory, 453, 470, 552 
Renormalization scale, 377-378, 407- 
417, 440, 551, 593, 599, 682 
Renormalized perturbation theory, 
323-326, 330, 410 
for ¢* theory, 323-330 
for QED, 330-335 
for non-Abelian gauge theories, 528, 
531-533 
see also Counterterms 
Representations of Lie algebras, 497-502 
rotation group, 38, 72 
Lorentz group, 39-41 
SU(3), 547 
Repulsive force, 125-126 
Rescaling, see Field strength renormal- 
ization, y, Z 
Resolution of electron structure, 583 
Resolution of hadronic structure, 588, 
647 
Resonances, 101, 151, 237 
in ete” annihilation, 151, 621 
see also Breit-Wigner formula 
Retarded boundary conditions, 178 
Retarded Green’s function, 30, 32, 62-63 
Right-handed current, 51 
Right-handed neutrino, 704, 715, 726 
Right-handed particle, 6, 47 
Right-handed spinors, 44 
Right-moving fermions, 652 
Roman indices, xix 
Rosenbluth formula, 208-209 
Rotation generators for fermions, 41, 
60-61, 71-72 
Rotation group, 38-40, 72 
in N dimensions, see O(N) 
Running coupling constant, 255-257, 
404-405, 420-422, 424-428 
in ¢* theory, 422 
in QED (a), 255-257, 424 
in nonlinear sigma model, 458-461 
in QCD (as), 551-553, 593-596 
see also Asymptotic freedom, 7, Fixed 
point 
Running mass parameter, 600-604 
Rutherford scattering, 129-130, 155 


s (Mandelstam variable), 156 
6 ta (parton-level Mandelstam vari- 
ables), 476, 557 
s quark, decay of, 606-612 
s(x) (local spin density), 271 
s? (definition of sin? 8w), 763-772, 774 
( 


52 (definition of sin? 6w), 759 


s%, (definition of sin? 6,,), 712, 759-772, 
774 
s-channel, 157 
S-matrix, 102-115 
relation to cross section, 106-107 
in terms of Feynman diagrams, 114, 
229, 324 
relation to correlation functions, 
227-229 
in renormalized perturbation theory, 
324 
gauge invariance of, 297-298 
see also Analytic properties of ampli- 
tudes, Unitarity 
S-wave, 147 
Salam, A., 700 
Scalar field, real, 15-33 
complex, 33-34 
elementary, 406 
Scalar field theory, 321-322, 394-406, 
432-468, see also ¢* theory 
Scalar gluon (hypothetical), 596 
Scalar non-Abelian gauge theory, 544 
Scalar particle exchange, 121-123 
Scalar QED, 80, 312 
Scale invariance 
classical description, 682-683 
anomalous breaking, 682-686 
Scale-dependent parameter, see Running 
coupling constant 
Scaling, see Bjorken scaling 
Scaling behavior in magnets, 436-437 
Scaling laws, in critical phenomena, 440 
Scaling of two-point function, anoma- 
lous, 427 
Scattering, see Cross sections, S-matrix 
Scattering amplitude (M), 5, 104 
near resonance, 101 
see also Analytic properties of ampli- 
tudes, S-matrix 
Scattering experiments, 99-100 


Schrédinger equation, 84, 149, 153, 279, 
503-504 
Schrödinger picture, 20, 25, 283 
Schrodinger wavefunction, xx, 149 
Schur’s lemma, 50 
Schwinger, J., 82, 189, 196, 492, 653 
Schwinger-Dyson equations, 308-312 
Screening, 255, 458, 541 
Second quantization, 19 
Second-order phase transition, 268-274 
Selection rules of positronium, 76 
Self-energy, see M?(p), ©(p), I#” (q) 
Semi-simple Lie algebra, 496 
Semileptonic decay, 605 
Shift of integration variable, 242, 299, 
662 
Short distance scales, effect on theory, 
393-406 
g (cross section), 100 
o (field of linear sigma model), 350 
a matrices, see Pauli sigma matrices 
Sigma model, see Linear sigma model, 
Nonlinear sigma model 
o, OF (components of y#), 44 
L(p) (fermion self-energy), 216-222, 
318-319, 331-333 
in non-Abelian gauge theory, 528-529 
sign convention for, 220 
Sign of mass shifts, see M (p), X(p), 
T” (q) 
Simple harmonic oscillator, 20, 313 
Simple Lie algebra, 496 
sin? w, 702, 705, 809 
definitions of, 711-712, 759-760 
measurements of, 711-713 
see also GWS theory 
Single-particle states, affected by inter- 
actions, 109 
Single-particle wave equations, 13, 35 
Singularities of Feynman diagrams, 211 
164-167, 407 
in QCD, 553-554, 574-575 
see also Analytic properties of ampli- 
tudes 
SLAC-MIT experiments, 475, 478 
Slash notation, 49 
SO(4), 127 
SO(10), 681 
SO(N), 497, see also O(N) 
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Soft photons, 176 
multiple, 202-207 
Solitons, 367, 793-794 
Sound waves, 266-267 
Source, see Classical source 
Sp(N), 497 
Spacelike reference momenta, 407-408 
Spacetime dimension, effect on scalar 
field theory, 465-466 
Spacetime formulation of perturbation 
theory, 82 
Spacetime geometry and topology, 402, 
798-800 
Spatially varying background field, 
386-387 
Specific heat, 441, 446 
Spectator quarks, 555 
Spectral density function, 214 
Spectral representation of two-point 
function, 214, 619 
Spectroscopy of w, T, 593-594, 785 
Spectrum of hadrons, 545-547 
Spectrum of harmonic oscillator, 20 
Spectrum of Klein-Gordon theory, 22 
Speed of sound, 266 
Sphere in d dimensions, 193, 249 
Spin, 4, 38-40 
of Dirac particle, 60-61 
conservation of, 147 
in magnetic systems, 266-267 
of gluon, 596 
Spin and statistics, 52-58, 514, 546-547 
Spin chain, 792 
Spin correlation function, 272-273, 293, 
442 
Spin density, 271, 389 
Spin field, 293, 395, 440 
Spin sums for fermions, 48-49 
Spin-3/2 field, 795 
Spin-wave theory, 389 
Spinor (of Dirac theory), 41—49 
for antifermions, 61 
high-energy limit, 46-47, 144 
nonrelativistic limit, 187 
two-component (Weyl), 43-44, 68 
Spinor (of SU(2)), 5, 45, 486, 501 
Spinor products, 72-73, 170-171, 174 
Splitting functions, see Altarelli-Parisi 
equations 
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Spontaneous symmetry breaking, 128, 
347-363, 368, 383-388, 454, 460, 
469-470, 474, 689-777, 786, 793-794 

of chiral symmetry, 668-672 

of supersymmetry, 797 

and vacuum energy, 790 

nonperturbative mechanisms, 698-700 

see also Goldstone boson, GWS 
theory, Higgs mechanism 

Square bracket notation, 276 

Standard model, 781, see also GWS 
theory, QCD 

Stationary phase, method of, 14 

Statistical mechanics, 269-274, 440-451, 
792-793 

quantum, 312-314 
see also Analogies to statistical me- 
chanics, Critical exponents 

Statistics and spin, 22, 52-58 

Stokes’s theorem, 492 

Stress-energy tensor, see Energy- 
Momentum tensor 

Strictly real representation, 499 

String theory, 798-799 

Strings, in describing strong interac- 
tions, 784-785 

Strong coupling regime, 405, 547-548, 
552 

Strong C’P problem, 726-727 

Strong interactions, 64, 127, 139-140, 
259-260, 347, 473-480, 545-598, 
667-676 

see also as, QCD 

Strongly coupled W bosons, 751 

Strongly interacting particles, 139-141 

Strongly ordered, 582-583 

Structure constants, see f2°¢ 

Structure functions, see Parton distribu- 
tion functions 

Structure of the electron, 583 

SU (2), 34, 486, 496, 502, see also Isospin 

SU(2) gauge theory, 494, 542-543 

spontaneously broken, 694-696, 699- 
700 


broken gauge theory, 696-697 
color symmetry, 545, 547 


SU(3) flavor symmetry, 546, 670-671 
SU(3) x SU(2) x U(1) theory, 781 
SU(5), 728, 786 
SU(N), 496-497, 502, 504, 687-688 
group identities, 806 
Subdiagrams, divergent, 316, 335 
Subtraction of UV divergence, 195 
Sudakov double logarithm, 184, 200, 
202, 207-208, 407 
Sudakov form factor, 207-208 
Sum over paths, 276 
Sum rules for distribution functions, 
562-563 
Sum rules 
for parton distribution functions, 
562-563, 590 
for distribution functions in QED, 587 
for ete~ — hadrons, 620-621 
for deep inelastic form factors, 634, 
641-643 
Summation convention, xix 
Summation of logarithms, 452-453, 
551, 575, 584-586, 635, see also 
Exponentiation, Mass singularities 
Sums over polarizations, see Polarization 
Super-renormalizable interactions, 
321-322, 402 
Superconductivity, 470, 669, 692, 697 
Superficial degree of divergence, 316—323 
Superfluids, 267, 272, 437, 449-450 
Superposition principle in quantum 
mechanics, 94, 276 
Superpotential, 75 
Supersymmetry, 74, 789, 795-799 
extended, 425, 796-797 
Susceptibility, magnetic, 441, 446-447 
Symanzik, K., 222, 411 
symm lim, 655 
Symmetric integration tricks, 251, 807 
Symmetries, 17, 283, 306-312, 383, 800 
more fundamental than Lagrangian, 
249, 466 
in presence of divergences, 248-249, 
347, 352-363, 383-388, 651-686 
see also C, P, T, Gauge invariance, 
Noether’s theorem, Lie algebras, 
Spontaneous symmetry breaking 
Symmetry current, see Current, 
Noether’s theorem 


Symmetry factors, see Feynman rules 
Symmetry generators, see Lie algebras 
Symplectic transformations, 497 


t (Mandelstam variable), 156 
t° (group representation matrices), 490, 
498 
identities for, 805-806 
T (time reversal), 64, 67-69, 71, 75-76, 
485, 720-727 
T-matrix, 104, 109-112, 231 
T° (group representation matrices on 
real vectors), 693 
To (critical temperature), 269-274 
t-channel, 157 
’t Hooft, G., 248, 479, 531, 662 
’t Hooft-Veltman definition of 7°, 681 
Tables 
C, P, T transformations, 71 
attractive/repulsive forces, 126 
measurements of a, 198 
analogies between magnetic system 
and field theory, 367 
values of critical exponents, 450 
measurements of a@,, 594 
measurements of sin? ĝw, 712 
integrals in d dimensions, 807 
Tadpole diagrams, 373 
in QED, 317-318, 344 
in linear sigma model, 355 
in non-Abelian gauge theory, 522 
T lepton, 137-138, 473 
decay, 594 
Technicolor, 719, 789 
Temperature, 267-274, 364, 441, 446- 
447, 461 
Tensor, 37 
Tensor, energy-momentum, see Energy- 
momentum tensor 
Tensor notation, xix—xx 
Tensor particle exchange, 126 
Tensors built from Dirac fields, 49-52 
Thermal fluctuations, 267 
Thermodynamics of early universe, 469 
0 function (step function), xx 
fo (weak mixing angle), 759 
e (Cabibbo angle), 714 
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Oy (weak mixing angle), 702, see also 
GWS theory, sin? bw 
Thirring model, 791-792, 794 
Thomson cross section, 163, 809 
Three-body phase space, 260-261 
Three-gauge-boson vertex, 507 
Three-jet events, 261 
Three-photon amplitude, QED, 318 
Three-point function, see Correlation 
functions 
Three-vectors, xix 
Threshold, 137-138, 146 
see also Analytic properties of ampli- 
tudes 
Threshold of photon detection, 200-202, 
207-208 
Thresholds, effect on renormalization 
group, 553 
Tilde notation, xxi 
Time-dependent perturbation theory, 82 
Time-evolution operator, 84, 102, 275, 
278-282 
Time-ordered product, 31, 63, 85, 115, 
307 
Time reversal, see T 
Timelike polarization, 161, 481, 732, 
737, 741, 746 
Tomonaga, S., 82 
Top quark, 546, 747 
decay of, 747-750 
radiative corrections from, 712, 770- 
772 
prediction of mass, 772 
Topology of vacuum states, 794 
Total cross section, for identical parti- 
cles, 108 
tr (trace of matrix), 304 
Tr (trace of operator), 304 
Trace anomaly, 684-686, 688 
Trace of Dirac matrices, 132-135, 805 
Trajectory in space of Lagrangians, 401 
Transition energies in hydrogen, 197-198 
Translations, 18 
Transverse momentum, of pp collision 
products, 475 
Transverse polarization vectors, 124, 
160, 804 
Tree-level processes, 175 
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Triangle diagrams, 661-664, 679, 705- 
707, see also Adler-Bell-Jackiw 
anomaly 

Tube of gauge field, 548 

Tuning of parameters, 267 

Tunneling, 368-369 

Twist, 631 

Two-body phase space, 808 

Two-component magnet, 438 

Two-component spinors, 68 

Two-dimensional model theories, 390- 
391, 405, 454, 791-794 

Two-dimensional QED, 651-659 

Two-level system, in statistical mechan- 
ics, 313 

Two-loop diagrams, 336-345 

double logarithms in, 314, 344 
and renormalization group relations, 
595-596 
Two-point amplitude, 82, 214 
analytic structure, 211-222 
scaling behavior, 418-421 
see also M(p), 3(p), TIH” (q) 
Two-state model system, 57 


u (Mandelstam variable), 156 
U gauge, 691, 715, 723, 730, 738, 749 
U(1), 496 
U(1) charge, in GWS theory, 702-704 
U(1) factors, and gravitational anomaly, 
681 
U(1) gauge theory, 482-486, 690-692, 
732-734 
U(1) symmetry, broken, 389 
U(y,£) (comparator), 482-484, 487 
u-channel, 157 
Uehling potential, 255 
Ultraviolet divergences, xii, 12, 80, 393 
in zero-point energy, 21 
in QED, 176, 193-195, 220-221, 248, 
251-252, 318-320 
in scalar field theory, 321-322 
in ¢* theory, 324 
in linear sigma model, 353-354 
in GWS theory, 758, 764-765 
effect upon shift of integration vari- 
able, 242 
classification of, 315 


Ultraviolet divergences, cont. 
in subdiagrams, 316 
overlapping, 336 
local vs. nonlocal, 337, 343-344, 386 
effect on symmetries, 347, 352-363, 
383-388 
in Veg, 375 
origin of, 265-266 
viewpoint toward, 265-266 
reinterpretation of, 398 
Ultraviolet-stable fixed point, 427, 461 
Unification of the fundamental interac- 
tions, 347, 497, 786-791 
with gravity, 787, 791, 798 
Unified electroweak model, of Georgi 
and Glashow, 696 
Unified electroweak theory, see GWS 
theory 
Unitarity gauge, see U gauge 
Unitarity of S-matrix, 231, 298, 520- 
521, 679, 746 
in broken gauge theories, 731, 738 
limit on M, 750-751 
see also BRST symmetry 
Unitary implementation of Lorentz 
transformations, 59 
Unitary transformations, 496-497 
Units, xix, xxi 
Universality (in critical phenomena), 
268, 272, 437, 447, 449, 466 
classes, 273-274 
Universality of coupling constants, 533, 
717 
Unphysical degrees of freedom, 124, 505, 
908-512, 517, 520, 738, 743 
cancellation of, 160-161, 298, 510, 520, 
735-736 
Unsolved problems, 781-800 
Unstable particles, 236-237, see also 
Decay rate 
YT particle, 141, 152, 593-594 


V(x) (gauge transformation matrix), 486 

Vacuum (ground state), 21-22, 82, 86, 
368-369, 383 

Vacuum bubble diagrams, 96-98, 113 

Vacuum energy, 21, 98, 317, 790-791, 
796-797 


Vacuum expectation value, 348-350, 
364, 372, see also Higgs field 
Vacuum polarization, see I(q2), I” (q), 
Up, 
Vector boson, 173-174, 757-758 
see also Gauge field, Higgs mechanism, 
Photon, W, Z 
Vector, built from Dirac fields, 50 
Vector current, see Current 
Vector meson, 150-153 
Vector particle exchange, 125 
Vector potential, xxi, 483 
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Vertex, see Feynman rules 
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530 
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to gauge invariance, 656, 679 
in high-energy behavior, 758 
Virtual particles, 5, 113, 393-406, 479 
almost real, 155, 209-210, 575 
ete” pairs, 245, 255 
Viscosity, 266 
Volume, transformation under boosts, 23 


W boson, 428-429, 474, 559-560, 696, 
701 
mass, 710, 712, 762-764, 771-772, 809 
decays, 728 
in QCD corrections, 609 
production in hadron collisions, 593- 
594, 710 
see also ete annihilation 
Wi, W2 (deep inelastic form factors), 
625-634, 648-649 
W3 (deep inelastic form factor), 648-649 
Ward identity, 160-161, 186, 192, 238, 
242, 245-251, 257, 316, 334, 481, 
505, 616, 625 
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violation by bad regulator, 248, 654 
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511, 522, 679, 698, 705-706, 744 
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in string theory, 799 
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degrees of freedom 
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Ward-Takahashi identity, 238-244, 297 
for arbitrary symmetry, 311 
and counterterm relations, 243, 311- 
312, 334 
Wave equations, relativistic, 13, 35 
Wave-particle duality, 26 
Wavefunction of a bound state, 148-153 
Wavepackets, 102-103, 224-226 
Weak coupling regime, 548 
Weak interactions, 473-474, 700-719 
at low energies, 428-429, 559-560, 
605-606, 708-709 
QCD enhancements to, 605-612 
see also GWS theory 
Weak mixing angle, see sin? Oy 
Weak-interaction gauge theory, see GWS 
theory 
Weinberg, S., 202, 700 
Weinberg’s nose, 729 
Weiszacker-Williams distribution func- 
tion, 174, 210, 579 
Wess-Zumino term, 793 
Weyl equations, 44 
Weyl ordering, 281 
Weyl representation, 41 
Weyl spinors, 43 
Wick rotation, 192-193, 292-293, 394, 
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Wick’s theorem, 88-90, 110, 115, 116, 
288, 302 
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Wilczek, F., 479, 531 
Wilson, K., 266, 393-394, 533, 547, 613 
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441, 445, 448-449, 454, 462, 466 
Wilson line, 491-494, 504, 655-657, 783 
Wilson loop, 492, 494, 503, 658, 783-784 
Wilson’s approach to renormalization, 
393-406 
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scattering), 477-478, 557 
£ (correlation length), 272 
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E (gauge parameter), 296-297, 505, 513, 
526, 733 
dependence of results on, 297, 526, 
734-739, 773 
£ (longitudinal fraction of parton), 477, 
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€ (spinor), 45, 68, 803-804 


y (kinematic variable in deep inelastic 
scattering), 558, 561 
y (longitudinal rapidity), 566 
Y (rapidity), 565 
Y (U(1) charge), 702-704 
Yang-Mills Lagrangian, 489, 506 
Yang-Mills theories, see Non- Abelian 
gauge theories 
Yennie gauge, 297 
Yukawa coupling constant, 79 
Yukawa potential, 121-123 
Yukawa theory, 79, 116-123, 257, 329- 
330 
Feynman rules for, 118 
renormalization of, 344-345 


Yukawa theory, cont. 
counterterms for, 408-409 
8 functions of, 438 


Z? boson, 173, 474, 593, 701, 710-711 
decay of, 594, 710, 712, 728 
mass of, 593, 710, 712, 762-764 
see also Af 
Z (field-strength renormalization), 214 
Zı (QED vertex rescaling), 230, 331, 
334-335 
relation to Z2, 243 
Z2, Z3, see Field-strength renormaliza- 
tion 
Zo, 429-430 
Z[J] (generating functional), 290-292, 
302, 365, 367, 394 
Zero-point energy, 21, 790 
Zero-point function, in QED, 317 
Zeroth-order natural relations, 387, 
389-390, 758, 774 
in GWS theory, 759-766 
Zimmermann, W., 222, 338 
Zweig, G., 545 
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